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DECOMPOSITION OF CELLULOSE BY 
MICROORGANISMS * 


R. G. H. SIU ann E. T. REESE 


Pioneering Research Laboratories, U. S. Army Quartermaster Corps, 
Philadelphia, Pa. 


INTRODUCTION 


From a broad biological point of view, the microbiological decom- 
position of cellulose is one of the most important processes in 
nature. It constitutes one of the major necessary steps in main- 
taining the balance between the opposing synthetic and degradative 
reactions in the carbon cycle. Formation of humus and the decom- 
position of plant stubble and trash with a concomitant return of 
nutrients to the soil, and the betterment of the physical character- 
istics of the soil are prime agricultural considerations. Besides 
these far-reaching aspects, there are other questions, more restricted 
in scope but nevertheless equally intriguing. The plant pathologist 
may wonder about the mechanism of penetration by plant patho- 
gens through cellulosic cell walls. The ecologist may be fascinated 
by the unique social relationships between cellulose-decomposing 
organisms and their ruminant or insect hosts. The plant physiolo- 
gist may speculate on whether knowledge of the breakdown of 
cellulose by microorganisms may yield significant clues on the re- 
verse process of cellulose synthesis by plants. The paleobotanist 
may hazard a guess as to the role of cellulolytic microorganisms in 
the geological process ; and the social philosopher, the role of these 
same organisms in solving some of tomorrow’s problems. 

Directed decomposition is an intriguing problem which will prob- 
ably receive much more attention. Retting of flax and the produc- 
tion of compost for mushroom-growing are commercial applications 
of the principle. A more recent modification is the retting of guay- 


* The authors wish to express appreciation to Drs. Paul Marsh and Carl 
Hartley of the U. S. Department of Agriculture for reviewing the manu- 
Script of this article. 
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ule (Allen and Emerson, 1949) and of cryptostegia (Naghski et al., 
1944, 1945) in an attempt to increase the recovery of rubber obtain- 
able from those plants. Enzymic filtrates may be substituted for 
the organism, as in the desizing of textiles. In England (Holden; 
Holden, Pirie and Tracey; Holden and Tracey, 1950) tobacco 
leaves have been disintegrated by snail and fungal enzymes in an 
effort to obtain cell constituents with minimum alteration. Hy- 
drolysis of cellulose and of pectin are important here. 

The highly specific action of enzymes will undoubtedly lead to an 
increase in their usage in accomplishing difficult chemical reactions. 
This is illustrated by the recent use of Rhizopus arrhizus to place 
oxygen in the difficult 11-position of a steroid required for prepa- 
ration of an important pharmaceutical, cortisone (Peterson and 
Murray, 1952). Thus there are available highly specific biological 
methods for selectively reacting with one ingredient of a mixture. 
Cellulose hydrolysis is but one aspect of this broad problem. 

One would think that the botanical significance of the microbio- 
logical decomposition of cellulose would have attracted the atten- 
tion of botanists by the hundreds. Yet, with the exception of the 
excellent earlier work from the standpoint of soil fertility and wood 
preservation, this has not been true. The fundamental aspects of 
the problems have been especially neglected. It has remained for 
industrial and military considerations to provide new impetus to- 
wards solution of the more fundamental questions. The loss of 
cellulosic items, particularly in the tropical theaters, in World War 
II ran into billions of dollars. This provided the most recent 
stimulus to research. While the damage is greatest under critical 
conditions, the breakdown occurs continually. Fabrics, telephone 
poles, railroad ties, boxes and paper products are highly susceptible 
to microbial attack. Prevention or reduction of losses to these 
items has led to a significant development in fungicides. The basic 
problems of cellulose deterioration have also received increased 
attention. 

This review will attempt to picture the microbial decomposition 
of cellulose as we see it today. Two fundamental questions will be 
emphasized, namely, the relationship of the organism to the sub- 
strate and the mechanism of breakdown of cellulose. No attempt 
will be made at complete citation of all work on the subject, although 
most of the recent significant pertinent papers will be included in 


| 

{ 

| 
| 


eee 


DECOMPOSITION OF CELLULOSE BY MICROORGANISMS 379 


the bibliography. We will omit studies relating to the growth of 
cellulolytic organisms under various conditions and will select only 
those important papers that enable us to bring the presently known 
picture to as clear a focus as possible. The reader is referred to the 
monograph by Siu (1951) for additional references and detailed 
treatment. 

Two major phases of the problem will be omitted, namely, anaer- 
obic decomposition of cellulose in sewage and in the rumen, and 
prevention of deterioration. The former has been recently critically 
reviewed by Hungate (1950), McBee (1950) and Sijpesteijn 
(1948, 1951). The latter problem, which may be only of limited 
interest to the botanist, has been covered in Siu’s monograph 
(1951). The current review covers roughly the period since 1940, 
taking up the subject of aerobic cellulose decomposition where the 
reviews of Waksman (1940), of Norman and Fuller (1942), of 
Boswell (1941) and of Nord and Vitucci (1948) left off. 

Since much of the modern basic research on the problem has 
been carried out with cotton fibers, most of the treatment will be 
focussed on this cellulosic substrate. The reader is invited to make 
the ready extrapolation of these results onto his own interest. Par- 
ticular attention will be devoted to pointing out the significant 
unsolved areas. It is hoped that this review will stimulate greater 
interest in this field and that it will attract the amount of attention 
compatible with its scientific and economic significance. 


THE ORGANISM-SUBSTRATE RELATIONSHIP 


Economically the two most important forms of cellulose are wood 
and cotton. Despite their common cellulolytic activity, the damag- 
ing organisms are usually restricted in their occurrence to one or 
the other substratum. To a large extent the differences in the 
composition and structural features, particularly as they are deter- 
mined by the associated non-cellulosic substances, are responsible 
for this floral specificity. To a lesser degree the manner of ex- 
posure of wood, cotton and other cellulosic materials to micro- 
organisms influences the inoculation and survival of the invading 
organisms. 

Cotton fiber itself represents the purest form of naturally occur- 
ring cellulose. It is surrounded by a non-cellulosic component 
containing pectin, waxes and other materials. Beneath this thin 
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outer layer lies the primary cellulose layer, differing in orientation 
from the main part of the fiber, the secondary wall. The thick 
secondary wall is made up of layers of spirillar fibrils. These layers 
are formed during growth so that the layer nearest the primary 
wall is laid down first. The cellulose nearest the central lumen is 
the last to be deposited and therefore the youngest. During matu- 
ration and drying of the fiber, most of the cellulose chains become 
arranged in an orderly fashion parallel to each other. Such areas 
are known as crystalline areas. Other less oriented molecules 
form the so-called amorphous regions. Between 40 and 90 per cent 
of cotton cellulose is considered crystalline, depending upon the 
method of measurement, maturity of the fiber and the variety of 
cotton. It may be important to stress, however, that these areas 
are not distinct entities but are separated on a relative basis with 
degrees of crystallinity varying continuously from one extreme to 
the other. 

While the major organic constituents of cotton are well known 
(cellulose, pectin, waxes, minerals, protein), it seems likely that 
many qualities of the fiber may hinge on minor constituents, the 
nature of which is as yet in question. We are concerned here with 
a component which probably does not exceed one per cent of the 
fiber weight. It may be a non-cellulosic polysaccharide. Two of 
these have been reported, the galacto-araban of Guthrie and Reeves 
(1950), present in an amount up to 0.3 per cent, and a xylo- 
araban, isolated in Russia and referred to by Guthrie and Reeves. 
Or it may be a mixed polymer containing uronic acids. As such 
it would account for the acidic groups invariably present in an 
amount variously estimated at 0.045-0.28% carboxyl groups. This 
would place the frequency of the acidic group between 1: 100 and 
1: 700 anhydroglucose units, and might present the possibility of 
a cross linkage through the carboxyl group of one chain and the 
hydroxyl group of the second. 

Two important contributions on the nature of the primary cell 
wall of cotton have recently been made. The first, based on elec- 
tron micrographs, is complemented by the second, in which a chem- 
ical analysis has been achieved. Both are founded on the discovery 
(Miuhlethaler, 1949) that the primary wall may be partially re- 
moved by agitation in a Waring Blendor. Subjecting the frag- 
ments to electron microscopy, Mihlethaler was able to conclude: 
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“There are more non-cellulose ingredients in the primary wall of 
cotton than of ramie. As Hess and his collaborators pointed out, 
there is in fact so much wax, pectin, etc. in young cotton fibers that 
the X-ray diagram of cellulose is completely masked and does not 
become apparent until about thirty-six days after the petals have 
fallen. The cellulose diagram can, however, be shown as early as 
five days after falling of the petals, if the primary wall is first ex- 
tracted with diluted alkali and then bleached. ... these amorphous 
substances are embedded between the microfibrils, just as in the 
case of ramie ” 

The workers at the Southern Regional Laboratory (Tripp, 
Moore and Rollins, 1951) have succeeded in separating out the 


primary wall material (removed in the Waring Blendor), and have 
made an analysis of it: 


CHEMICAL CoMPOSITION oF TyPIcAL CoTTron 
FIBER AND PRIMARY WALL 


; Per cent of dry weight * 
Constituent 
Fiber Primary wall 
Cellulose 94 54 
Protein (% N X 6.25) 1.3 14 
Pectic substance 1.2 9 
(alcohol-solubles) 
Cistin/suberin (?) 


* Moisture regain of fiber, 8%; of primary wall, 13%. 


It is clearly apparent that about one-half of the primary wall is non- 
cellulosic. From their analysis, Tripp et al. conclude that: 


(1) The wax is primarily—or exclusively—in the primary wall. 

(2) The protein is primarily in the primary wall and in the 
lumen. 

(3) The pectic substance, while chiefly in the primary wall, must 
also be present in the secondary wall. 


It is this last observation that may have most significance on the 
problem of origin and formation of cellulose. The presence of 
pectic materials in the secondary wall is in agreement with the 
mechanism of cell wall formation advanced by Farr et al. (1934). 

The deposition of cellulose in cotton fiber in concentric cylinders 
is well known. “ In most cotton fibers, the layered pattern is due 
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to the alternation of layers of cellulose which differ in porosity and 
in density ; in others, it is due to the alternation of layers of cellu- 
lose with layers of non-cellulosic materials’ (Hock, 1950). Appar- 
ently here we have a matter of interpretation in that the alternation 
of layers is attributed to two different things. In lint fibers the 
alternate layer is non-cellulosic, while in the long fibers non-cellu- 
losic layers are absent. Since both fibers are of the same origin, 
it is difficult for us to believe that such a difference actually exists. 
Kerr (communication by Marsh) insists that the layering in both 
cases is due to differences in porosity and density of the cellulose. 
Yet in the very next paragraph he calls to our attention the fact 
that “ green wax” (in the fibers where it occurs) always appears 
as alternate zones after swelling. There are, then, two separate 
indications that non-cellulosic concentric layers do appear in special 
situations. It is our opinion that non-cellulosic layers are probably 
present in all instances but that in the older thicker fibers they are 
more difficult to demonstrate. Swelling experiments (Mangenot 
and Raison, 1951) are consistent with this interpretation. When 
cotton fibers are swollen, there are observed elements which are 
more resistant to the swelling agents than are other layers of the 
wall. They are visible at the surface of the fiber and sometimes in 
the depth of the wall as helicoidal filaments entwined around the 
layers beneath. We believe that these filaments arise by bursting 
of the inner non-swollen non-cellulosic cylinders. This is similar 
to the bursting of the primary cellulosic wall soaked in alkali-bisul- 
fide solution. 

In some of our unpublished experiments we have found that 
grinding (Wiley Mill) cotton fiber increases its susceptibility to 
enzymic hydrolysis far out of proportion to the increase in surface 
obtained. These results are readily understandable on the assump- 
tion that transverse penetration is much more difficult than pene- 
tration through the cut ends. The assumption of non-cellulosic, 
resistant, cylindrical layers in the fiber helps to explain the experi- 
mental data. 

With the indulgence of the prevailing thinking of cellulose chem- 
ists, we would like to note the view of Mangenot and Raison 
(1951) that their results “ do not permit such marked skepticism ” 
of the work of Farr as expressed by other cellulose chemists. Farr 
claims that there is a non-cellulosic sheath around the bundles of 
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cellulose molecules (fibrils), similar to that covering the entire 
fiber. Is it not possible that the non-cellulosic layers of Hock are 
related to these fibrillar sheaths, put down in the daily pattern? 
Is it not also possible that these sheaths, staining with ruthenium 
red, are the source of the acidic groups known to be present and of 
compounds like galacto-araban? The general concepts of Farr may 
be quite helpful in explaining the mechanism of microbial decompo- 
sition of the cotton fiber. 

Whether the minor constituents are present in the fiber in combi- 
nation with the cellulose, or free, must be determined. If there is 


TABLE I 
CueEmicaL ANALYSES OF CELLULOSIC MATERIALS * 
Pectic Water Wax and 
Material Cellulose Lignin Ash po 
Pectocelluloses 
95 09 1 1 0.5 
75 11.0 10 6 0.7 
88 3.0 5 1 2.0 
86 9.0 3 1 0.7 
Lignocelluloses 
74 21 3 1 0.7 
Wheat straw ....... 55 Deer 30 7 4 1.0 
eae 53 ica 31 10 4 3.0 
60 25 9 4 2.0 


* Data are given to indicate order of magnitude rather than specific and 

accurate analyses. Considerable variation exists due to variety, age, tissue, 
growth conditions, analytical procedures, etc. 
a separate non-cellulosic sheath around the fibrils, there is a possi- 
bility that an enzyme may be found capable of disintegrating the 
fiber without hydrolyzing the cellulose. Today “ macerating” solu- 
tions, i.e., crude enzyme filtrates, are available (Wood, Gold, 
Rawlins, 1952) which can separate the cells of plant tissue from 
each other by acting on the connective substance. 

Investigators have frequently tried to correlate resistance of a 
fiber to biological degradation with some physical or chemical prop- 
erty of the fiber. Most of the generalized conclusions based on 
these studies require some qualification. This is particularly true 
in view of the fact that few have tested a significant variety of sub- 
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strata against a number of microorganisms under several sets of 
conditions. Some data on cellulosic fibers illustrating their varia- 
bility have been summarized in Table I. It is obvious that there 
are important differences in composition of the fibers. 

Factors which have been reported as affecting susceptibility to 
microbial attack are: 


1) DEGREE OF CRYSTALLINITY. The less the crystallinity, the 
greater is the susceptibility to microorganisms. A good correlation 
between enzyme activity and moisture regain capacity (a measure 
of amorphous content) was obtained by Walseth (1948). 


2) DEGREE OF ORIENTATION. This refers to the angle at which 
the fibrils lie in respect to the long axis of the fiber. The more 
oriented the fiber, the less rapidly is it degraded by microorgan- 
isms. Convincing data on stretched vs. unstretched fibers of 
cuprammonium rayon, viscose rayon and mercerized cotton have 
been obtained. Those spun under tension have higher degrees of 
orientation and greater resistance to fungi (Heyes and Holden, 
1932) and to fungus filtrates (Karrer, 1930). 


3) DEGREE OF SUBSTITUTION. It has been shown that the pres- 
ence of one or more substituents in each and every anhydroglucose 
unit of the chain renders cellulose immune to both microorganisms 
and enzymes (Siu et al., 1949; Levinson and Reese, 1950). It is 
well known that acetate rayon is highly resistant to fungal attack. 
This resistance is due to the fact that the anhydroglucose units of 
the cellulose chain average at least two acetyl groups. Cupram- 
monium rayon and viscose rayon, not so substituted, are very sus- 
ceptible to fungus attack. 

While a particular condition may be explained according to one 
or another of the above factors, it appears that too often there has 
been a tendency to attribute susceptibility to microorganisms to 
some factor on flimsy evidence. Thus, 

a) Ramie is more highly oriented than cotton and is somewhat 
more resistant to attack by microorganisms. 

b) Cotton is more crystalline than cuprammonium rayon and 
is somewhat more resistant to attack by microorganisms. While 
these may be acceptable facts, in no case has the correlation been 
carried far enough to warrant the conclusion drawn. In the former 
case no mention is made of the fact that ramie has about six times 
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the ash, ten times the water-soluble component and 12 times the 
amount of pectic material found in cotton. Relative to the second 
example, it might be pointed out that, while the cellulose is of the 
same order of crystallinity in different natural fibers, their suscepti- 
bility increases in the order ramie < cotton < flax. 


4) AMOUNT AND NATURE OF NON-CELLULOSIC COMPONENTS. 
The non-cellulosic components of a fiber greatly influence its sus- 
ceptibility to microbial decomposition. In many instances as the 
fiber is purified, less and less rapid will be the growth of micro- 
organisms. This is due to removal of essential elements or of other 
growth factors. Actually the susceptibility of the cellulose itself 
has not changed. Addition of the essential factors, either experi- 
mentally or as dirt, results in increased susceptibility. But purifi- 
cation, or chemical processing, appears to have another effect due 
perhaps to a modification of the cellulose. Highly purified cotton 
sheeting (White, Siu and Reese, 1948) was found to be much more 
resistant than cotton duck to attack by many fungi, even when the 
essential growth factors were added to the medium. The method 
of purification leads to differences in the degree of resistance of the 
final product. 

Where the non-cellulosic component of the fiber is readily avail- 
able (pentosan, pectins, water-solubles), there is a trend towards 
increased susceptibility with increase in these substances. Cotton 
sheeting is more nearly pure cellulose than is cotton duck; duck 
contains much less of the non-cellulosic components than does linen. 
Regarding decomposition : 

a) All three of these are readily degraded by Aspergillus terreus 
and A. fumigatus. 

b) Cotton duck and linen, but not sheeting, are readily degraded 
by A. luchuensis series, A. ustus and A. ochraceus. 

c) Linen alone is degraded by A. tamarii and A. flavus. We 
have also found that the last two organisms can attack a wood cellu- 
lose containing 20% pentosan, but they can not degrade the pento- 
san-free wood cellulose, nor other pure celluloses. Addition of the 
extracted pentosan to the pentosan-free wood cellulose again en- 
ables these organisms to attack both the pentosan and the cellulose 
(unpublished). Cotton cellulose, however, is not degraded, even 
on addition of the wood pentosan. There is apparently a difference 
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between wood cellulose and cotton cellulose. It may be that the 
wood cellulose undergoes some change during manufacture or dur- 
ing extraction of pentosan which increases its susceptibility. 


Maleic acid is a minor component of cotton fiber, readily metabo- 
lized by microorganisms. Marsh et al. (1951) have considered 
microbial conversion of malate to carbonate to be a probable cause 
of the large increases in pH found in cotton during pre-harvest 
weathering. It is claimed that such cotton is brittle and of inferior 
milling quality. Marsh has found that, in pure culture tests, both 
cellulolytic and non-cellulolytic organisms produce an increase in 
pH. It would be helpful to know whether the increase in pH is 
accompanied in both cases by similar changes in other properties. 
Can non-cellulolytic organisms, growing on non-cellulosic compo- 
nents, modify such properties as brittleness, dye uptake and alkali 
absorption ? 

Where the non-cellulosic component of the fiber is resistant (lig- 
nin, waxes, antibiotic), the more of it present the more resistant is 
the fiber. A comparison of jute and cotton shows the former to 
contain an appreciable amount of resistant lignin, plus a material 
having antibiotic properties (Basu, 1948). In harmony with the 
general thesis stated, it is resistant to many of the organisms that 
are very active on cotton. Removal of the lignin increases the rate 
of decomposition of the cellulose by active aerobic bacteria (Fuller 
and Norman, 1943) and probably by most fungi. 

As a result of the nature and the amount of non-cellulosic mate- 
rial, different fibers subjected to the same environment will be 
degraded by different microflora. The relative importance of a 
given species is different on cotton, filter paper and jute. 

Wood is of much more complex structure. In cotton the fiber 
is a unit cell averaging about 30x .02 mm. in size. The finished 
fabric is composed of these fibers, but essentially each cell is ex- 
posed to the ravages of the microbial world. While cells are still 
the units of structure in wood, they are formed in compact layers 
overlying wood earlier produced. Only the outermost cells are 
exposed. Microorganisms must either penetrate these outer cells 
in order to cause severe damage to the underlying ones, or find 
their way into the interior by means of breaks or checks in the 
wood. The necessity for penetration of the wood and for growth 
of the organisms in the interior where the oxygen supply is com- 
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paratively low may be important factors preventing the cotton- 
attacking organisms from invading wood. Those fungi that de- 
grade cotton fabrics are vigorous growers and highly aerobic. 
Many bacteria degrade cotton fabrics rapidly, and some remain 
active at low oxygen tensions, but these are poorly equipped to 
accomplish the necessary penetration of wood and as a result play 
but a minor role in wood decay. Living tissues possess a resistance 
to decay which disappears on death. This, too, may be a factor in 
explaining differences in flora found on living vs. dead plant parts. 

Another factor contributing towards specificity in flora is the 
difference in chemical composition of the substrata. While the 
cotton fiber is nearly pure cellulose, woods vary greatly amongst 
themselves qualitatively as well as quantitatively in their constitu- 
ents. The cellulose content is only about 60 per cent, and this is 
either chemically bound or physically intermixed with the more 
resistant lignin. Woods further differ amongst themselves in mor- 
phology, in the nature of the conducting cells, in the nature of the 
non-cellulosic components, in the degree of hardness, etc. As a 
result, each species or group of closely related species often sup- 
ports its own microflora. The invaders are capable of penetrating 
that particular substratum and are uninhibited by the various 
chemical compounds present. Thus in mycological literature the 
name of a fungus is often derived from that of the plant on which it 
usually grows. Polyporus betulinus, for instance, grows on birch 
(Betula) and related hosts ; P. tsugae on Tsuga and other conifers. 

Essentially the organisms attacking wood are all cellulose de- 
stroyers, though many attack other constituents as well. These 
organisms are predominately fungi. Bacteria and actinomycetes, 
to the best of our knowledge, play an insignificant role. Of the 
fungi, the Basidiomycetes, especially of the order Agaricales, are 
most important in timber rots and wood decay. Selecting those 
decay and rot organisms given most attention by Boyce (1948) 
(Table II), it is evident that all are members of the order Agari- 
cales and that 80 per cent of the important species are members of 
the family Polyporaceae (Polyporus, Poria, Fomes, Daedalea, 
Lenzites, Merulius). Members of the Thelephoraceae (Stereum, 
Coniophora, Corticum, Peniophora), of the Agaricaceae (Collybia, 
Schizophyllum, Pleurotus, Pholiota, Lentinus) and of the Hydna- 
ceae (Hydnum, Echinodontium, Irpex) are also frequent causes of 


. 
£ 
ae 
; 
> 
L 
| 
t 


388 THE BOTANICAL REVIEW 


TABLE II 


PROMINENT ORGANISMS IN THE Rorrinc AND Decay or Woop 
(CoMPILED FROM Boyce, 1948) 


Rots Daedalea quercina: oak; 
Echinodontium tinctorum: conifers—up to 30% loss; 
Fomes igniarius: aspen, beech—often severely 
attacked ; 
Fomes officinalis: conifers; 
Fomes pini: destroys 14% of Douglas Fir in Wash- 
ington and Oregon; 
Polyporus amarus: incense cedar—25% loss ; 
Polyporus anceps: ponderosa pine—up to 20% 
damage; 
Polyporus balsameus: balsam fir; 
Polyporus schweinitzw: conifers ; 
Poria weirii: white cedar; 
Stereum sanguinolentum: conifers. 
Decay of pulpwood Polyporus hirsutus, Polyporus versicolor, Polyporus 
and pulp adustus, Stereum hirsutum, Fomes roseus, Lenzites 
saepiaria, Polyporus abietinus, Stereum sanguino- 
lentum, Fomes pint. 
Decay of structures Poria incrassata, Merulius lacrymans, Coniophora 
cerebella 
Decay of poles and  Lenzites saepiaria, Lentinus lepideus. 
railroad ties 


decay. Apart from the Agaricales the only fungi worthy of men- 
tion are Ascomycetes : Sphaeriales (Hypoxylon, Ustulina, X ylaria) 
and Pezizales (Helotium, Lachnum). 

Because much of the attack on wood is below the surface, exter- 
nal conditions have less effect than they do on the decay of textiles. 
A textile may show all degrees of wetness, depending on the 
weather, and of oxygen tension, depending upon the manner of ex- 
posure. These factors help determine which organism shall domi- 
nate. For a fabric above the soil level, the successful organism is 
one that is capable of rapid growth when the environmental condi- 
tions are favorable and yet able to survive desiccation, extremes of 
temperatures and other temporarily unfavorable conditions. The 
Fungi Imperfecti are best suited to such environmental cycles, 
growing rapidly and producing spores readily. Fabrics in soil 
where the oxygen tension and moisture vary, are degraded by 
fungi, bacteria and actinomycetes when air is available, and by 
anaerobic bacteria when the oxygen tension is low. A much greater 
variety of microorganisms thus plays a role in cotton deterioration 
than in the decay of wood. 
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Before turning to the specific organisms responsible for the 
breakdown of textiles under field conditions, a word should be said 
about the problem of identification of the important organisms. In 
studies on both wood and cotton, identification of the organism is 
usually based upon the nature of the fruiting body. Members of 
the Agaricales as a rule grow slowly and fruit infrequently. In 
many cases fruiting occurs only once in a growing season, and 
sometimes years may pass without the appearance of a sporophore. 
The sporophores once produced are characteristic and usually per- 
sistent. An expert in the field, combining the characters of fruit 
and the habitat, can name the organism causing the decay. These 
organisms have been thoroughly studied and described by Over- 
holts (1953), Burt (1914-26) and others. In the absence of the 
sporophore, it is possible to isolate and to grow the causal organism 
in pure culture. This is done by breaking the wood under sterile 
conditions and plating out pieces from the edge of the decayed area. 
Usually such cultures can not be made to fruit. In recent years 
Nobles (1948), Davidson et al. (1942) and others have worked up 
keys that permit identification of many of these cultures based on 
mycelial characters and responses to various types of media. This 
is a complex task, especially if the culture is of unknown origin. 
Knowledge of the tree from which it is obtained, and of the type 
of rot it produces, aid considerably in identifying the organism. 

Members of the Fungi Imperfecti responsible for breakdown of 
cotton textiles grow rapidly and fruit abundantly, but the sporo- 
phores—unlike those of the Basidiomycetes—are small, fragile and 
evanescent. The structures of the dark (dematiaceous) organisms 
seem to persist for a longer time than do those that are hyaline, but 
in few cases are they identifiable after many weeks. Fruiting on 
a fabric is evidence of a principal invader and is important in the 
identification of the cause of the decay. But since fabrics have been 
modified by sizing, dyestuffs, water-proofing, etc., it must further 
be determined that the organism is cellulolytic. Similarly many 
fungi, yeasts and bacteria, grow and may sporulate on wood, using 
cellular contents rather than the cellulosic walls. There may be 
doubt as to the principal compound on which the organism has been 
growing. If a cellulolytic fungus is found dominant on a piece of 
decayed cotton goods, we assume that the organism is the cause of 
the decay. This is analogous to saying that the sporophore on a tree 
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trunk belongs to the organism producing the rot. It is a reasonable 
assumption. Since the sporophores on fabric are not persistent, 
many of the data on fungus attack of cotton fabric have been ob- 
tained by isolation of organisms and determination of the ability of 
the isolates to degrade fabric in pure culture. Everyone recognizes 
that spores of all sorts fall on exposed items. The isolates will 
include these. For this reason the difficulty of ascribing the decay 
to a particular isolate is great. 

Several techniques have been applied to reduce the number of 
contaminants to a minimum. It is known that many fungi attack 
the fiber from within. Teasing out fibers from the inner and less 
exposed parts of the fabric reduces somewhat the number of super- 
ficial spores. Streaking the teased-out fiber over the agar removes 
some of the adhering spores, and later growth from the fiber itself 
is subcultured and purified. A second technique that is valuable 
is the use of an agar medium containing the necessary minerals 
with cellulose as the only carbon source. This procedure favors 
development of cellulolytic organisms and suppresses those not 
responsible for the degradation. Finally it is sometimes possible 
to obtain renewed growth and fruiting by placing a small portion 
of the sample in a moist chamber. 

Observing these precautions, isolations were made from hundreds 
of items undergoing breakdown in tropical and subtropical climates 
(Siu, 1951). Three localities were involved, and the work done in 
four laboratories, each using somewhat different techniques. Four 
thousand, four hundred and fifty isolates were obtained and identi- 
fied (now maintained as part of the Quartermaster Culture Collec- 
tion [ Reese, Levinson, Downing and White, 1950]). The 20 most 
frequent isolates from each locality are shown in Table III. Some 
species were common to all three areas: Penicillium citrinum, 
Aspergillus versicolor, Trichoderma viride, Aspergillus niger ; some 
only in two areas and somewhat rare in the third: Chaetomium 
globosum, A. flavus-orysae group, Botryodiplodia theobromae, A. 
terreus; still others were frequent in one locality only: Memnoni- 
ella echinata in the Southwest Pacific area; Penicillium luteum and 
P. funiculosum in Florida. 

The frequency of isolation alone does not give the complete pic- 
ture but needs to be supplemented by observations in the field. 
Field observations (U. S. Army Air Forces, 1946) showed Mem- 
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noniella echinata to be one of the chief causes of deterioration of 
cellulosic fabrics in the tropics. This is corroborated by isolation 
data in the laboratory. If only the Southwest Pacific samples are 
considered, Memnoniella echinata was second in frequency among 
the isolates, and it was the most often isolated cellulolytic organism 
from that area. However, M. echinata is not frequent among the 
Panama isolates, nor was it observed growing on fabrics in that 
area, according to Barghoorn (1945). This we consider to be good 
evidence that the isolates obtained most frequently play some role 
in the deterioration. Fortunately M. echinata is a recognizable 
dematiaceous fungus whose sporophores persist for some time. 
Field data on Aspergilli, Penicillia and Trichoderma are not so 


TABLE IV 


Decomposina OrGANISMs ISOLATED FROM 
CELLULOSE SUBSTRATES 


Cellulosic material Organisms 

Cotton fiber Cladosporium herbarum; Alternaria sp.; Fusarium 
prior to harvest moniliforme ; Colletotrichum gossypii; Diplodia sp. 

Flax and hemp Cladosporium herbarum; Alternaria sp.; Fusarium sp. 
during retting 

Jute Aspergillus fumigatus; Stachybotrys atra; Chaeto- 


mium indicum ; Penicillium citrinum 
Cordage in marine Halophiobolus 
exposures 
Paper Chaetomium globosum; Memnoniella echinata 


easy to obtain because their sporophores collapse soon after matu- 
ration and identification is more difficult, often hinging on their 
behavior in culture. 

The organisms listed (Table III) may be considered representa- 
tive of those primarily responsible for the deterioration of cotton 
fabric. Those that are cellulolytic (followed by an asterisk) attack 
the fiber itself, while those known to be non-cellulolytic attack the 
sizing, finishing and other non-cellulolytic compounds. 

In addition to organisms attacking wood and cotton fabric, there 
are those important in the breakdown of other cellulosic substrata 
(Marsh and Bollenbacher, 1949). It is apparent that the organ- 
isms (Table IV) are of the type found on cotton, not of those on 
wood. This might be expected inasmuch as the physical structures 
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of fabrics and the materials listed resemble each other more than 
they resemble wood. Thus the microflora of fabric and the micro- 
flora of wood are quite distinct from each other in the sense that 
the organisms important in causing the breakdown of one play an 
unimportant role in the breakdown of the other. There are a few 
cotton-attacking organisms, such as Trichoderma viride, which have 
been observed commonly on wood in the field. Indeed the organ- 
ism was earlier called T. lignorum because of its affinity for wood. 
But its role in wood degradation is minor. 

Very infrequently does one find the fruiting bodies of the wood- 
destroying Basidiomycetes on fabrics, although they have been re- 
corded by Zuck and Diehl (1946). On the other hand, of the 4,500 
isolates from fabric, nearly ten per cent were non-sporulating. Some 
of these may be mycelial forms of Ascomycetes. Others have clamp 
connections in the mycelium and are unquestionably Basidiomycetes. 
Only two cases of fruiting have occurred in culture. One was 
Coprinus sclerotigenus, the other an unidentified gill fungus proba- 
bly related to Pleurotus. Thirteen of 15 non-sporulating Basidio- 
mycete cultures tested were found capable of producing a loss in 
tensile strength of cotton cloth in pure culture. As implied earlier, 
the term “ cellulolytic” is not adequate to characterize various 
organisms. We must consider that at least two steps are involved: 
(a) action on native cellulose (cotton) resulting in the production 
of linear chains (enzyme C;), (b) hydrolysis of the 1,4 B-glucosidic 
linkages of these chains (enzyme C,). Both the brown rot fungi 
and the white rot fungi grow (some rather slightly) on cotton duck 
and produce the enzyme (C,), but only the white rot fungi are able 
to bring about an appreciable loss in tensile strength (Marsh, 1951; 
Reese and Levinson, 1952). 

The relative ability of particular species of microorganisms to 
attack cellulose has been the subject of some disagreement among 
different workers. Recent experience has shown that many of these 
controversies can be resolved if one bears in mind certain limita- 
tions. First is the fact of specific variation. Within certain genera, 
for example, Chaetomium, all species are cellulolytic ; within others, 
such as Aspergillus, only certain species are cellulolytic, but nearly 
all strains of a species are constant in that character; and finally, 
in other species (Penicillium citrinum) some isolates are cellulo- 
lytic and others non-cellulolytic. Second is the limitation imposed 
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by our lack of knowledge about the nature of the substratum used 
in the test. It has been shown (White et al., 1948) that certain 
organisms (Aspergillus luchuensis series) can attack gray cotton 
duck, yet can not attack 3.3 oz. bleached cotton sheeting, even with 
added yeast extract. Certain soluble derivatives of cellulose are 
attacked by many species of non-cellulolytic organisms (Levinson 
et al., 1950). Third is the limitation of the test method. The 
incubation time used may be too short for detection of action by 
polypores; the temperature 30° C too high for strains of Clado- 
sporium herbarum (Marsh et al., 1949), or too low for strains of 
Aspergillus fumigatus; the pH too extreme for Streptomyces or 
bacteria. And finally there is the limitation in our knowledge of 
fungus taxonomy. Nevertheless as a result of modern work the 
nature of the organisms responsible for cellulose decomposition is 
much clearer than it was 15 years ago. 

Other interesting aspects of the organism-substrate relationship 
are the questions of symbiosis, succession of flora and dominance of 
organisms. In the past the ability of microorganisms to work to- 
gether has perhaps been over-emphasized. Those familiar with 
timber rots know that decay, under the particular set of conditions 
at any given time in nature, is the work of a single dominating 
organism. It is true that secondary invaders are found when the 
primary agent is nearing the end of its growth, i.e., when it has 
consumed the substratum that it uses as food. But this is part of 
a cycle, with the second organism taking up where the first left off. 
At this point some overlapping of organisms does occur. Exami- 
nation of textiles undergoing decay similarly reveals that single 
organisms tend to dominate the fabric. White (U. S. Army Air 
Forces, 1946) observed such dominance for M. echinata on un- 
treated cotton fabrics in the S.W. Pacific area. Zuck and Diehl 
(1946) have found Leptosphaeria sp. as the dominating organism 
on samples of cotton duck. The perithecial and pycnidial fungi, 
observed by the latter authors, occur after long exposure of the 
duck and seem to succeed the earlier appearing hyphomycetous 
forms. 

Just why one organism should be dominant at a particular time 
is not clearly understood. Undoubtedly environmental conditions 
favor the organism which is dominant, but the other spores present 
would be expected to grow slowly in any case. Today with the 
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ascendancy of antibiotics, explanations based on the production of 
antagonistic substances by the dominating organism are in fashion. 
Richards (1950) reported that growth of Trichoderma viride, or 
of an unknown species of Penicillium, on wood treated with sodium 
fluoride inhibits the development of wood-destroying fungi. Since 
T. viride is known to produce the antibiotics gliotoxin and viridin, 
an explanation based on antagonism due to these substances would 
seem to be acceptable. Two objections to the antibiotic theory can 
be offered. First, antibiotic production is carried on under definite 
sets of conditions imposed in the laboratory, conditions quite unlike 
those in nature. The amounts of antibiotics produced under natu- 
ral conditions are yet to be determined. The yields are undoubtedly 
much lower than in commercial production. Second, any antibiotic 
produced would be readily leached away by rain, removed from a 
position of influence by adsorption on the substratum, or broken 
down by other soil organisms. In experiments on the addition of 
streptomycin to soil, Pramer and Starkey (1952) found that the 
concentration required to inhibit nitrification in soil is 10,000 times 
that required to inhibit in solution medium. Based on current 
knowledge, it seems unlikely that the production of antibiotics by 
an organism plays an important role as to which organism becomes 
dominant. Other characteristics—speed of growth, prevalence of 
spores in nature, ability to attack cellulose—may be overriding fac- 
tors. But even an account of these is inadequate. Why is it that 
Myrothecium verrucaria, a vigorous cellulolytic fungus capable of 
producing an antibiotic (glutinosin), is so rarely isolated or ob- 
served on exposed cotton fabrics? 

The organisms attacking fabrics arise principally from the soil 
and decaying organic matter associated with it. This is particu- 
larly true of Aspergilli, Penicillia, Fusaria, Trichoderma, Humicola. 
Many of the other fungi are spread from plants. Botryodiplodia 
theobromae produces a stain in wood; Pestalotia spp. are nor- 
mally found attacking branches and leaves; some Fusaria produce 
wilts in plants. The cellulolytic bacteria and actinomycetes invaria- 
bly originate in the soil and do most of their damage at the soil 
level. 

Whereas much progress has been made in the last decade on the 
identity of the organisms attacking cotton fabrics and on the ability 
of the isolates to attack cellulose, very little is known about the 
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sequence of organisms necessary to attack a piece of treated fabric. 
The same holds true for treated wood. There are field reports 
(Magee, Hansen and Grant, 1943) suggesting an initial invasion 
by organisms capable of attacking the waterproofing compound on 
treated fabrics. Leaching of fungicide follows to the degree neces- 
sary to permit attack by subsequent organisms capable of degrading 
the fiber, starch or other sizes and finishes. Most organisms will 
attack starch, but, as yet, identity of the organisms attacking the 
other non-cellulosic constituents of the treated fabric has not been 
determined. Much information is accumulating on the differences 
in ability of some fungi to resist specific fungicides (Siu, 1951), 
but this aspect is outside the scope of the present review. 


MECHANISM OF MICROBIAL BREAKDOWN OF CELLULOSE 


A fungus spore falling on wood, on a cotton fiber or on a plant 
germinates and then proceeds to penetrate through the outer cuticle 
and cell wall to the cell cavity, or lumen. Both chemical and physi- 
cal actions are involved. Most of the subsequent growth is within 
the lumen, the organism digesting the cell walls from within. In 
wood the fungus grows in the lumen and penetrates the walls as it 
passes from one cell to the next. Much of the digestion appears 
to be at and around the advancing hyphal tip. This is the most 
actively growing part of the mycelium. The cells here have a very 
thin wall with the protoplasm separated from the substratum by the 
least distance, and the hydrolytic enzymes are most active. Most 
bacteria are unable to penetrate through woody structures or 
through fiber walls. Those found within the lumen usually enter 
through breaks in the wall or do so at the advanced stages of degra- 
dation, although not infrequently bacteria are observed in otherwise 
sound inner wood of certain tree trunks. Action on cotton fiber by 
bacteria is from the outside, and photomicrographs of cloth de- 
graded by bacteria show a gradual etching of the outer surface of 
the fiber. 

In attacking cellulose the microbe produces hydrolytic enzymes 
which are liberated into the medium. The insoluble substratum is 
hydrolyzed into soluble substances which diffuse into the cell where 
they are further metabolized. This is the general scheme for mi- 
crobial digestion of all insoluble materials. 

Let us now examine the data applicable to the breakdown of 
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cellulose. The overall working hypothesis as we see it today is 
summarized as follows: 


long A-1,4- 
Cellulose anhydroglucose Cellobiose glucose 
chains 
Extracellular Intracellular 


> < 
< > ? 


According to this scheme, the classical “ cellulase” enzyme of 
Pringsheim (1912) is made up of at least two entities, designated 
C, and C,, respectively. The supporting evidence follows: 


A. Many non-cellulolytic organisms as well as all cellulolytic ones 
are able to produce the enzyme (C,) capable of splitting the £-1,4 
glucosidic linkages in long chains. 

1. The non-cellulolytic species of Aspergillus and others will not 
grow on cotton or filter paper but will grow on partially sub- 
stituted carboxymethyl cellulose, hydroxyethyl cellulose and 
cellulose sulfate. The filtrates resulting from such growth 
contain the enzyme C, (Reese, Siu and Levinson, 1950). 

2. Many organisms will develop on insoluble cellulose dextrin 
(acid hydrolysis) but not on untreated cellulose (Norman 
and Fuller, 1942). 

3. Snails can digest cellulose reprecipitated from Schweitzer’s 
reagent but can not digest native cellulose (Seilliere, 1906, 
1907). 

4. Certain species of Aspergillus and Mucor are capable of 
attacking hydrocellulose but not highly polymerized cellulose 
(Riere, 1939). 

5. Some bacteria can use precipitated cellulose but can not use 
filter paper (Pochon et al., 1950). 


B. Cellulose treated with “ weathering” type cellulase becomes 
fragile and acid labile without showing loss in weight or any appre- 
ciable increase in reducing properties (Terui and Fujiwara, 1948). 
The organism used, B. hydrolyticus, is only very weakly cellulo- 
lytic. Cotton fibers treated with a cell-free cellulolytic solution 
from Myrothecium verrucaria showed rapid loss in strength, but no 
reducing sugar appeared (Blum and Stahl, 1952). Perhaps this 
loss in tensile strength is another measure of “ fragility ”. 
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C. Certain chemical treatments of cellulose lead to increased sus- 
ceptibility to enzyme hydrolysis. 

Controlled alkali treatment, which does not alter the degree of 
polymerization (DP) of cotton materially, may greatly increase the 
rate of enzyme hydrolysis of the treated material (Husemann and 
Lotterle, 1950). This fact remains even after consideration has 
been given to surface changes. 

Treatment with strong mineral acids, as in the formation of cellu- 
lose dextrins, has similar effects but also reduces the chain length. 
The increase in surface and decrease in crystallinity are probably 
the chief factors affecting an increase in hydrolysis rate, but the 
fact that some organisms can attack the dextrin but not native 
cellulose suggests that the acid treatment may have substituted for 
the C, step, liberating chains to be hydrolyzed by Cx. 

Whereas the above treatments lead to increased susceptibility of 
the substrate to enzyme hydrolysis, the effect of weak acids (min- 
eral or organic) on cotton cellulose is to decrease the rate of en- 
zyme hydrolysis. In some cases this may be due to substitution of 
the cellulose chain, but the prevailing opinion is that the amorphous 
cellulose is first removed by the acid. The residue, being more 
highly crystalline than the original fiber, is more resistant to 
hydrolysis. 


D. Swelling factor. The effect of strong alkali on swelling of 
cotton fiber is a well known phenomenon. Marsh (1953) has now 
developed a procedure to detect damage to cotton by measuring the 
increase in swelling of the damaged fiber as compared with an un- 
damaged control. Dye uptake is correlated with increased swelling, 
so those factors shown earlier to affect dye uptake may also be 
expected to affect swelling. Marsh and we have found that pre- 
treatment with cell-free cellulolytic filtrates markedly increase the 
subsequent swelling of cotton on addition of alkali. This effect 
is observable within 30 minutes of incubation of fiber and enzyme, 
much too soon for the detection of reducing sugars. Culture fil- 
trates of non-cellulolytic fungi or of some cellulolytic fungi grown 
on non-cellulosic substrata do not affect the degree of swelling. 
The factor is heat labile, probably an adaptive enzyme. As yet it 
has not been demonstrated in a solution free of the hydrolytic en- 
zyme C, which is also adaptive in nature and heat labile. The 
swelling factor might thus be merely a first step in random splitting 
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of the surface cellulose molecules by Cx, resulting in increased 
swelling, increased dye uptake and decreased tensile strength. 
Until we can demonstrate the presence of swelling factor in the 
absence of C,, or vice versa, we cannot be certain that this is the 
C, step previously postulated. 


E. Hydrolysis of cotton vs. carboxymethy] cellulose. 

In searching for a means of detecting C, in the presence of Cy, it 
was reasoned that, while hydrolysis of CMC is a function only of 
C,, hydrolysis of cotton is a function of C,; and C,. If solutions of 
equal Cy activities (adjusted) act on cotton, widely different 
amounts of reducing sugar are produced. Thus the following fil- 
trates of equal C, activity gave these values for cotton: 


Trichoderma viride 2.7 

Streptomyces sp. 0.7 | Cellulolytic in sense 
Myrothecium verrucaria 0.3 { that they can degrade 
Penicillium pusillum 0.2) cotton duck. 

Aspergillus sydowi 0.06 Non-cellulolytic in above sense. 


These results, too, are interpretable in several ways. The above 
method—if it measures C;—does so only indirectly and is thus in- 
ferior to the swelling method. If ever the swelling factor and C, 
are separated, however, the real test of identity of C; and swelling 
factor will be the effect of each factor alone and both together on 
cotton hydrolysis. 

Another interesting development that may have a bearing on this 
early step in cellulose hydrolysis is the effect of high velocity elec- 
trons. To date the results reported (Lawton et al., 1951) have 
pertained only to wood. Here the action of the electrons was to 
make the cellulose of the wood available to rumen microorganisms. 
While the effect may have been due primarily to separation of cellu- 
lose from lignin, it is likely that other changes, possibly related to 
C;, have also been affected, since reducing sugars were produced. 

Based on such data it is our opinion that the initial step, C,, does 
take place. Little is known of the precise nature of that step. For 
the present we are vacillating betwen two possibilities (Siu, in 
press). The first alternate is the assumption of the presence of 
co-valent cross-linkages in cellulose other than the 1,4 glycosidic 
bonds. Such controversial bonds have been postulated by Pacsu 
(1947) and co-workers (Hiller and Pacsu, 1946), Hess and 
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Steurer (1940), Ekenstam (1936) and Haworth (1939). Accord- 
ingly the C, step would involve the enzymic splitting of these non- 
glycosidic linkages to provide linear polysaccharide for further 
action by C,. In view of the vigorous opposition by other cellulose 
chemists to the existence of non-glycosidic linkages of the type ad- 
vanced above, it may be well for the biochemist to stand aside until 
the pertinent basic chemistry of cellulose is settled before attempt- 
ing to hypothesize further along this tack. The second possible 
explanation of the action of the C, enzyme is based on the absence 
of the cross-linking non-glycosidic linkages. In this case the en- 
zyme must effect a physical change. It swells the cellulose or 
breaks hydrogen bonds. It makes the cellulose molecules available 
for C, action. To be sure, this theory would harmonize with the 
conventional concept of the linear polysaccharide structure of cellu- 
lose. However, it does involve the acceptance of a “ hydrogen- 
bondase ”, an intriguing enzyme, indeed! For the present it is not 
certain which of the two theories is correct. There is not enough 
evidence to postulate still other possibilities. 

More work has been done in clarifying the second (Cx) step, 
the hydrolysis of the B-1,4 glucosidic bond. When cellulolytic 
organisms are grown on cellulose in shake flasks, the cell-free cul- 
ture medium contains the enzyme Cx. When cellulolytic and many 
non-cellulolytic organisms are grown on soluble cellulose-deriva- 
tives, C, appears in the medium, but usually in lower concentration 
than where the unmodified cellulose was used. Finally, when most 
cellulolytic organisms are grown on sugar, no C, is formed (Reese 
and Levinson, 1952). Aspergillus luchuensis QM 873 is an excep- 
tion to this. When sugar is present with cellulose, no cellulolytic 
action occurs until the sugar is consumed (Siu and Sinden, 1951). 
C,, then, is an adaptive enzyme in most cellulolytic organisms. Its 
formation with carboxymethy] cellulose as substratum is an indica- 
tion that the molecular configuration required as template for Cx 
is present in carboxymethyl cellulose as well as in native cellulose. 

Returning to the effect of chemical treatment of cellulose on 
enzyme hydrolysis, we wish now to consider only the effect on the 
C, phase. It has been shown that the introduction of one substitu- 
ent on every anhydroglucose unit effectively inhibits C, activity 
and that partial substitution reduces the rate of both liquefaction 
and of production of reducing end groups. The effect of substitu- 
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tion is a point that has probably been inadequately considered and 
offers an alternate explanation for results such as those of Huse- 
mann et al. (1950) : 


Treatment pp 7 loss in2 days on 


enzymatic hydrolysis 
Pure cotton 2350 5.1 
0.5% KHSO. 4 hrs. 1340 3.7 
" 3N HCl tae“ 136 0.0 


It may be that the hydrolyzed cotton (above) is substituted and 
that the decrease in enzyme susceptibility may be a result of this 
modification. It has been shown (Levinson, Mandels and Reese, 
1951) that enzyme hydrolysis of cellulose dextrin does give prod- 
ucts similar to those obtained from hydrolysis of cellulose sulfate, 
suggesting that modification has occurred. Unreported results on 
hydrolysis of cellulose with weak organic acids or mineral acids 
support the data shown above. The alternate proposal of Huse- 
mann and Lotterle (1950) is that acid hydrolysis and enzyme hy- 
drolysis do not follow the same pattern. Acid hydrolysis sup- 
posedly acts on weak points in the molecule, the nature of which is 
unknown, while enzymes act randomly on the B-1,4 glucosidic link- 
ages. This view, too, has attracted considerable attention because 
of its simplicity in terms of simple chemical reactions. 

The mechanism of enzyme action has been considered for this 
step. The possibilities are the same as those sometimes given for 
starch hydrolysis: 

a) Random splitting, in which C, on contact with the linear 
polysaccharide brings about one break at random in the chain. If 
this occurs there should be a rapid loss in viscosity with slow in- 
crease in reducing value. Evidence favoring this mechanism has 
been given for cellulose by Husemann and Létterle (1950) and for 
carboxymethyl cellulose by Levinson and Reese (1950). For 
starch similar data have been obtained for a-amylase by plotting 
starch-iodine color against reducing substances formed during hy- 
drolysis (Hanes and Cattle, 1938). 

b) Zipper theory, involving a splitting off of cellobiose from the 
chain ends analogous to the action of B-amylase on starch. In this 
case viscosity would decrease slowly, since the chain length would 
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be reduced but slightly, while reducing groups increased rapidly. 
Furthermore cellobiose as such should appear very early in the 
hydrolysis when no other intermediates are present. We have 
found cellobiose present very early in the course of the hydrolysis 
of cellulose derivatives, but most of the reducing value was attrib- 
utable to other substances. Husemann likewise rejects this theory. 

c) “ Whammie” theory in which the enzyme envelops the entire 
or a large part of the substrate molecule and completely and simul- 
taneously splits all of the necessary bonds to produce the resulting 
sugar. A similar hypothesis has been suggested as a possibility in 
the action of B-amylase by Swanson and Cori (1948) because of 
the absence of intermediates detectable during the hydrolysis. So 
far no mention of any identified intermediate compounds has been 
found in the literature on the breakdown of cellulose by micro- 
organisms, but the same objections hold for this as for the zipper 
theory. 

The end product of C, activity is cellobiose, analogous to maltose 
in starch hydrolysis. For a time we believed that the action proba- 
bly went directly to glucose (Reese, Siu and Levinson, 1950). This 
was advanced on the basis of the absence of cellobiose in the meta- 
bolic filtrate of certain organisms growing on cellulose. Further- 
more the cell-free filtrates of active cellulolytic cultures contain very 
little B-glucosidase, relative to the amount of C,. Yet glucose was 
found in hydrolysates of cellulose. We later found that the long 
incubation time used to hydrolyze cellulose was sufficient so that 
even the traces of 8-glucosidase present were able to account for all 
of the glucose produced. Hydrolysis of soluble cellulose derivatives 
by C, is very rapid. The reaction is complete before the #-glu- 
cosidase present is able to produce a detectable amount of glucose. 

In a rapidly growing culture of a cellulolytic organism, the rate 
of metabolism of cellobiose greatly exceeds the rate of hydrolysis of 
cellobiose by the 8-glucosidase of the medium (Levinson et al., 
1951). It thus appears that cellobiose is the sugar which enters 
the fungus cell. Our data show that glucose also can enter, but 
with the organisms and conditions used the amount of glucose 
formed outside the cell during cellobiose metabolism is limited. 
The concept that cellobiose is the sugar absorbed during cellulose 
digestion explains the observations that certain cellulolytic organ- 
isms do not grow readily on glucose. It is also compatible with the 
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findings of Grassman et al. (1933) that certain enzymic filtrates 
which attack cellulose do not hydrolyze cellobiose. It is true that 
in many cases failure to grow on glucose is due to toxic substances 
arising during autoclaving (Stanier, 1942), but Fahraeus (1947) 
has recently found that even Seitz filtered glucose does not support 
good growth of Sporocytophaga myxococcoides. An intermediate 
in the hydrolysis should be utilized as readily as the parent sub- 
stance. But if for some reason that intermediate can not enter the 
cell, or if it is converted to a toxic substance, then the location of 
that intermediate inside or outside the cell becomes important. In 
those cases where glucose is not used cellobiose is usually utilized. 
It has previously been shown that disaccharides can penetrate cells 
at a rate equal to that of monosaccharides. The course of metabo- 
lism of cellobiose within the cell is conjectural. While it is proba- 
ble that intracellular B-glucosidase hydrolyzes it to glucose, no evi- 
dence has been presented to show that such a step actually occurs 
in cellulolytic microorganisms. Some disaccharides may be me- 
tabolized without prior hydrolysis. Based on growth studies, Smith 
(1949) concluded that, for Merulius lacrymans, cellobiose is phos- 
phorylated prior to degradation to glucose. More data are required 
to substantiate this claim. The other basidiomycete tested, Ma- 
rasmius chordalis, apparently hydrolyzes cellobiose in the usual 
manner. 

If cellobiose is the main product of cellulose hydrolysis by C,, 
addition of this sugar would be expected to inhibit the reaction. 
Data supporting this view have been reported (Karrer et al., 1924; 
Norkrans, 1950), but more have recently been collected in which it 
is shown that the effect is specific for cellobiose. Other sugars are 
about 1/10th as effective as cellobiose—i.e., a 1% solution of these 
gives inhibition of the same magnitude as a 0.1% solution of cello- 
biose. The inhibitory effect of cellobiose was demonstrated on 
filtrates of the following organisms acting on a hydrocellulose: 
Streptomyces sp., Myrothecium verrucaria, Penicillium pusillum, 
Trichoderma viride, Aspergillus flavus, Torula sp., Scopulariopsis 
brevicaulis (Reese, Gilligan and Norkrans, 1952), in addition to 
the inhibition observed by Norkrans in the filtrate of Tricholoma 
nudum. In a few cases (Botrytis cinerea, Pestalotia palmarum) 
cellobiose had but slight effect, and this was not greater than that 
obtained using glucose. 
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While the results reported above are for action of cellobiose on 
hydrocellulose, similar data were obtained with carboxymethyl 
cellulose as substratum. In addition, however, a stimulatory action 
was apparent in two cases (Streptomyces sp. and Myrothecium 
verrucaria) at the lower cellobiose concentrations. This effect was 
also related to pH being greatest for Streptomyces sp. filtrate at 
about pH 4.5. However, no such stimulation has been observed 
using cellulose or hydrocellulose which is unsubstituted. 

The mechanism that we have been proposing is a two- (or more) 
step procedure in which C; must act before C,. Analogous situa- 
tions are found in the breakdown of other natural products where 
the first action—not clearly defined—precedes the better known 
hydrolytic step. In pectin the first has been called a “ protopectin- 
ase ’’, and its action “ disaggregating ” (Luh and Phaff, 1951). In 
protein, denaturation may be considered the first step, the action 
producing a substratum that is much more readily hydrolyzed by 
the proteinases. Even in starch it has been recognized that native 
starch is much more resistant to enzyme hydrolysis than starch 
which has been boiled. In all these cases organisms can attack the 
natural product and are therefore capable of achieving the first step. 
In protopectinase there exists the nearest approach to proof for the 
existence of the pre-hydrolytic enzyme, but even here the specific 
substratum and the mode of action are not clear. 

The hydrolytic step, carried on by Cy, is analogous to the hydro- 
lytic steps in other systems. In our development of the picture, we 
have assumed that an organism produces only one type of Cx. Our 
latest data do not support this assumption. We have recently suc- 
ceeded in obtaining up to four C, components from the filtrates of 
a single fungus (paper chromatograms; Reese and Gilligan, 1953). 
These components differ, not only in their Rf values, but in their 
relative activities on different cellulosic substrata. Further charac- 
terization of the components is necessary. pH-activity curves 
having two distinct optima were reported (Mansour and Mansour- 
Bek, 1937) for cellulase of the larvae of Stromatium fulvum. 
Recently we (Reese, Gilligan and Norkrans, 1952) obtained a simi- 
lar bimodal curve for the action of a filtrate of Penicillium pusillum 
on carboxymethyl cellulose. These data may indicate that, in some 
cases, the components may have different pH-activity curves. 


aM ; 


DECOMPOSITION OF CELLULOSE BY MICROORGANISMS 405 


METHODOLOGY 


One of the conditions limiting progress in this field is the lack of 
specific methodologies for penetrating speculations. The methods 
are usually general in nature and encompass a mixture of unknown 
factors. Further progress depends largely on the development of 
new and more precise chemical, physical and biological techniques, 
and the application of these to the problem. For this reason it may 
be well to summarize current procedures, inviting, as it were, 
improvements. 

The methods used in evaluation of the ability of an organism to 
attack cellulose vary considerably. The ability to attack wood is 
usually measured in loss in weight of a block of wood after long 
incubation with the test organism. The ability to degrade fabric is 
most often determined by measuring the loss in tensile strength 
(Greathouse, Klemme and Barker, 1942). This is a simple and 
rapid determination and is correlated with loss of utility in the field. 
Weight losses can also be determined, but they are more time-con- 
suming. A large loss in tensile strength occurs in the early stages 
of decomposition when but little weight loss is apparent. These 
methods have been used many years with modifications (White, 
Darby, Stechert and Sanderson, 1948; Marsh et al., 1949). 

For biological studies of the mechanism of cellulose hydrolysis by 
aerobic organisms, the shake-flask technique (Reese, 1946) is most 
suitable, since the insoluble substratum is kept agitated and the 
exchange of gases facilitated. The method received impetus from 
its use in the vast antibiotic program of the past decade. The opti- 
mum conditions for growth of the organism on cellulose can be 
determined. These requirements may not be the same for all car- 
bon sources. Thus more buffer is required by organisms that pro- 
duce acid from sugar than by the same organism growing on cellu- 
lose. In experiments of this sort, loss in weight is usually used as 
a measure of degree of activity. Surface-volume relationship and 
control of pH are important (Reese, 1947). With 0.5% ground 
cellulose in the medium, active organisms (Aspergillus fumigatus, 
Myrothecium verrucaria, Sporocytophaga myxococcoides) under 
optimal conditions can effect a loss in weight of 80-90% in three 
days. 

The “cellulolytic” activity of cell-free filtrates obtained from 
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shake-flasks is usually measured by a determination of the reducing 
sugars produced on hydrolysis of a suitable substratum. For this 
purpose the dinitrosalicylic acid (DNS) colorimetric method of 
Sumner et al. (1941) is a very rapid measurement of the reducing 
value. Most important in the assay of filtrates for activity is the 
selection of a rapidly hydrolyzed cellulose of adequate degree of dis- 
persion. Cotton ground in a Wiley mill requires at least 24 hours 
hydrolysis to give an adequate amount of sugar for determination. 
In such long periods of time, some inactivation of enzyme may occur. 
Filter paper and linter cellulose, viscose rayon, alkali cellulose and 
cellulose-dextrin represent a series of substances of increasing sus- 
ceptibility to hydrolysis. Convenient soluble cellulose derivatives 
that have recently become popular are carboxymethyl cellulose, Na 
salt (CMC) of degree of substitution (DS) 0.5-0.7, hydroxyethyl 
cellulose, cellulose sulfate of DS about 0.4. Use of these substrates 
has reduced the assay time so that now only 30 to 60 minutes at 
50° C are required. The important factors in selection of a suitable 
product are low viscosity, low degree of substitution and low initial 
reducing value. Use of these derivatives has made possible appli- 
cation of viscosimetric techniques (Kristiansson, 1950; Levinson 
and Reese, 1950) directly to a solution undergoing hydrolysis. For 
such tests solutions of higher viscosity should be selected, and use 
of a closed system (falling ball method) has proved quite satis- 
factory. Prior to this development it was necessary to stop the 
hydrolysis of cellulose at various times and to dissolve the residue 
in the appropriate solvent for viscosimetric determination. 

An important limitation to the use of soluble derivatives is the 
difficulty in the characterization and analysis of the end product. 
This limitation extends to cellulose hydrolysis itself. Reducing 
sugars, as glucose, are usually determined, but more exact infor- 
mation on the nature of the reducing compounds is necessary. The 
following techniques have been adapted to this problem: 

a) Paper partition chromatography, which gives good separation 
of glucose and cellobiose, and which detects also some of the smaller 
substituted sugars originating from the cellulose derivatives (Levin- 
son et al., 1951). 

b) Glucose aerodehydrogenase (notatin), specific for glucose. 
Several modifications are possible. 
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c) B-glucosidase (or acids), can be used to hydrolyze cellobiose 
to glucose and the latter determined as in D. 

d) Fermentation, of either glucose or of glucose and cellobiose 
may be used as a means of determining the two sugars. 


The above methods are applicable to the hydrolysis of the B-1,4 
glucosidic linkages, the C, stage. Methods applicable to the C; (or 
pre Cx step) are less well developed, but of equal importance. In- 
deed future progress hinges greatly on the development of these: 


a) Loss in tensile strength of fabric. While this method has 
been very successful in determining the cellulolytic ability of fungi, 
its application to a study of the cellulolytic activity of filtrates has 
not been perfected. While some loss has occasionally been found, 
in many identical tests the loss has been either nil or of low magni- 
tude (unreported results). The method is of importance, since 
great losses in strength accompany small changes in weight. A re- 
finement (Wagner, Webber and Siu, 1947) has been towards 
measurements of strength changes in bundles of fibers (Pressly 
tester) or of single fibers resulting from hydrolysis (Blum and 
Stahl, 1952). This work is still in an early stage. 

b) Increase in fluidity. The splitting of macromolecules should 
increase the fluidity of the solution. This is so only if during the 
measurement, the chemical effect of the alkali does not duplicate 
the action of C. 

c) Increase in availability to Cx. It is known that alkali treat- 
ment increases the susceptibility of cellulose to hydrolysis. If it 
can be shown that the susceptibility of such material is proportion- 
ate to C, activity, it may be assumed that alkali duplicates the C; 
action. This has not been done. 

d) Increase in fragility and acid lability. Terui and Fujiwara 
(1949) made measurements of these characters (details of method 
not seen). 

e) Increase in alkali swelling (Marsh, 1952). 

f) Increase in dye uptake. 


It seems that the more data that are accumulated, the more com- 
plex the problem of cellulose hydrolysis appears. There are those 
who hold that only by the use of crystalline “cellulase” will any 
real progress towards elucidating the mechanism be made. Crys- 
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tallization of the C,, or C,, enzymes does not appear imminent. 
Nevertheless much knowledge on enzyme mechanisms can be 
gained without the benefit of the crystalline purity. We need to 
gain encouragement from the great strides made in similar prob- 
lems. A great part of our knowledge on biologically active agents 
(enzymes, antibiotics, vitamins) has been based on studies of highly 
impute preparations. The mechanisms of action of a- and of 
B-amylase were elucidated on very crude material indeed. We do 
not wish to imply that use of crystalline enzymes will not greatly 
further developments in this field. A start has already been made 
in this direction by Whitaker (1951), and we hope others will con- 
tinue such studies. But given a choice now of crystalline enzyme 
or of thoroughly homogeneous and well-characterized substrata, we 
would choose the latter. This is undoubtedly the limiting step in 
our approach towards clarification of the overall picture. 
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THE TELOME THEORY 


CARL L. WILSON 
Dartmouth College, Hanover, New Hampshire 


INTRODUCTION 


Morphologists have long been concerned with the fundamental 
nature of the vascular plant body—with the relationships between 
root, stem and leaf, and with the origin of reproductive structures. 
Attempts at analysis on the basis of either formal or phyletic mor- 
phology have given rise to a number of theories dealing with the 
organization of the plant body. Those related to the flowering 
plants are summarized by Arber (1930) and need not concern us 
here, since they are of historical interest only. A theory which 
encompasses a consideration of all vascular plants, and which is 
based primarily upon studies of the lower Tracheophyta, recent and 
fossil, has had greater vitality—so much so, indeed, that it has 
permeated the thinking of many morphologists and paleobotanists 
to a degree not realized by those who have not followed the litera- 
ture in these fields. This is the telome theory, perhaps better 
termed the “telome concept”. Among other aspects the telome 
concept has assisted in a clarification of our ideas on the relation- 
ships between root, stem and leaf, and emphasizes that the plant 
body is an axis, with a descending portion, the root, and an aerial 
portion, the shoot, whose appendages are merely modified parts of 
the stem. 

Before considering the telome theory itself, it is desirable to point 
out that, like many another concept, it did not arise de novo, but 
was foreshadowed by the work of earlier investigators. Reference 
will repeatedly be made to a fundamental principle advocated by all 
of these workers which is an essential part of the telome theory 
itself. This is the principle of overtopping, shown diagrammati- 
cally in its simplest form in Fig. 1. This principle involves the 
belief that the oldest method of branching was dichotomous (a 
dichopodium). If, at each fork, one of the two branches becomes 
stronger than the other, a sympodium will result, with an apparent 
main axis composed of one of the two forks. Continued develop- 
ment of the main axis results in a monopodium which gives off 
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successive axes (lateral branches). This scheme is of course sus- 
ceptible to many modifications and variations. 

The works of Bower, Lignier, Potonié and others provide a back- 
ground of the telome theory. Bower early pointed out (1884) that 
the leaf is fundamentally a flattened branch system—* Thus the 
stem and leaf would have originated simultaneously by differentia- 
tion of a uniform branch system into members of two categories ”. 
Potonié (1912) has summarized his views advanced in earlier 
papers. Briefly, he held that the frequently dichotomous branching 
of early land plants was derived from forked (dichotomously 
branched) marine algae, and that both stem and leaf in the higher 
plants were derived by an overtopping process. Bower later (1916) 
in a more important paper confirms and elaborates on the views of 
earlier writers that the leaf of the ferns and other primitive vascular 
plants is fundamentally dichotomous in organization, and that the 
monopodial pinnate leaf is derived from dichotomy through a sym- 
podial stage. The broad expanded leaf has resulted from progres- 
sive webbing during this development. Primitive distal dichotomy 
is still found in the leaves of many living ferns but is absent from 
the leaves of angiosperms because of the early arrest of apical 
growth, the major part of the leaf lamina resulting from intercalary 
growth. The findings of Bower are directly contradicted by the 
work of Wagner (1952) who considers that dichotomy in the leaves 
of living ferns—both foliar dichotomy and dichotomy in the veins— 
is a modification of an ancestral pinnately organized system. 

The stimulating papers of Lignier (1903, 1908a, 1908) ) embody 
many of the concepts later incorporated into the telome theory. He 
conceived the sporophyte of the most primitive land plant as a di- 
chotomously branched system of cylindrical cauloids, which bore 
leaf-like appendages, or phylloids, together with rhizoids. That 
portion of the cauloid system which was subterranean became trans- 
formed into the root system. The cauloids bore terminal sporangia, 
possibly bivalved and similar to those of Psilophyton. The append- 
ages, or phylloids, were considered to be enations, comparable to 
the leaves of Lycopodium. From this Psilophyton-like type were 
derived two lines of evolution—the lycopods, on the one hand, 
which retained their phylloids and dichotomous cauloids, and, on 
the other, all other vascular cryptogams, the pteridosperms, all 
gymnosperms and angiosperms. In this latter evolutionary line the 
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Fic. 1. Overtopping. Left, a dichopodium. Center, dichopodial sym- 
podium. Right, monopodium. (After Potonié). 

Fic. 2. Origin of alternation of generations in land plants. Left, moss 
type with relatively large sexual generation. Center, primitive ancestral 
algal type with isomorphic generations. Right, fern type with relatively 
large sporophyte generation. Diploid generation in black, haploid shaded. 
(After Zimmermann). 
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principal cauloids of the plant body became transformed into a 
monopodium by the sympodial method, and thus a true stem 
evolved. The groups of terminal cauloids, however, became dorsi- 
ventral in symmetry; the cauloids within each cluster fused to- 
gether, thus forming a flat plate or leaf blade in which the existence 
of the constituent cauloids was indicated only by the dichotomous 
venation. The appearance of the megaphyllous leaf brought about 
the disappearance of the phylloids which had become useless. 
According to Lignier, then, there is no fundamental difference be- 
tween stem and leaf, and the root is merely the subterranean por- 
tion of the aerial shoot. This, the modern point of view, was 
advanced by Lignier as early as 1903. Various writers, including 
Torrey (1932, p. 38) and Bertrand (1947, p. 152), have attempted 
to visualize, in diagrammatic form, the chief points of Lignier’s 
description of a primitive land plant. 


THE TELOME THEORY 


The above viewpoints and others related to them have been syn- 
thesized into the telome theory by Prof. Walter Zimmermann, of 
Tiibingen. This is discussed in two chief works (Zimmermann, 
1930, 1949) together with a number of separate articles, cited in the 
bibliography, although the latter does not pretend to include all of 
Zimmermann’s papers on this subject. Brief discussions are also 
found in Eames (1936), Bower (1935), Stebbins (1950) and 
Takhtajan (1953). Only the main points of the theory are pre- 
sented here; an exhaustive account and applications of the theory 
to the various groups of vascular plants are included in Zimmer- 
mann’s Phylogenie der Pflanzen (1930). It is convenient to list 
the main tenets of this theory, as Zimmermann (1945b) has done, 
under three main heads, namely, (a) the forerunners of primitive 
land plants, (b) the primitive land plant, and (c) derivation of the 
plant body of the higher land plants : 


THE ANCESTORS OF PRIMITIVE LAND PLANTS. The algal ances- 
tors of the land plants were green algae which lived in the tidal 
zone of the Cambrian and Silurian seacoasts. The plant body of 
such forms was undifferentiated, radially symmetrical and composed 
of dichotomously forked branches (primitive telomes). Internally 
they possessed a central strand of mechanical tissue (sclerenchyma) 
useful in their tidal zone habitat. They had isomorphic alternation 
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of generations (Fig. 2), that is, each individual had two kinds of 
plant bodies, alike except that one, the diploid sporophyte, bore 
sporangia, while the other, the haploid gametophyte, bore game- 
tangia. Zimmermann thus adheres to the homologous theory of 
alternation of generations (for further discussion of this vs. the 
antithetic theory, see Eames, 1936). Zimmermann concedes that 
it is very difficult to name a definite kind of green alga as an ances- 
tral form. The lower Silurian Codiaceae and Dasycladaceae, for 
example, should be eliminated because of their high specialization. 
He suggests that the ancestral type be sought among less well 
known forms, such as representatives of the genus Oldhamia. 


THE PRIMITIVE LAND PLANT. The telome theory is psilopsid- 
centered, for the Upper Silurian to Mid-Devonian Psilophytales 
(Hicklingia, Taenocrada, Zosterophyllum, Rhynia, Horneophyton, 
Psilophyton, etc.) are visualized as exemplifying the sporophyte of 
the ancient vascular plants. The sporophyte was derived from 
algae by the evolution of heteromorphic alternation of generations, 
in which the sporophyte became much enlarged relative to the 
gametophyte generation. Zimmermann contends that the gameto- 
phyte generation necessarily remained small if fertilization was to 
be accomplished. The primitive vascular plant was composed only 
of telomes and mesomes. Telomes are the terminal portions of a 
dichotomizing branch system. They are of two kinds, fertile, com- 
posed of a vascularized stalk and its terminal sporangium, and vege- 
tative, or sterile, termed “ phylloids ” (this word is used in a differ- 
ent sense from that of Lignier who applied it to enations, or emer- 
gences). A telome ends at the first subjacent forking, the mesomes 
constituting the internodes between each two forkings. In the 
course of ontogeny each mesome was first a telome, being relegated 
to the mesome position as growth proceeded. Fertile and sterile 
telomes, following evolutionary development, may occur in groups 
composed of either sterile of fertile telomes or mixtures of the two 
called “ telome trusses ” (Telomstande). 

The sporophyte was at first relatively undifferentiated, with no 
distinction between stem and leaf, and became erect by negative 
geotropism. The anatomy was simple, the central strand of scleren- 
chyma of the algal progenitors becoming a strand of tracheids form- 
ing the earliest type of stele, the protostele. The predecessors of 
sieve tubes were elongated parenchymatous cells which differenti- 
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ated around the central strand. The aerial portions developed 
stomates, and the basal portion, rhizoids or root hairs. Zimmer- 
mann’s conception of the origin of the root as found in the higher 
plants is essentially that of Lignier—it is descended from the creep- 
ing underground branches of an ancient thallus-like plant. The 
reproductive organs were terminal sporangia which produced aerial 
spores. Their formation was accompanied by meiosis, as indicated 
by the findings of spore tetrads in the most ancient fossils of vascu- 
lar plants. Since gametophytes of the earliest land plants have 
never been found, it is assumed that, like those of living forms, they 
were delicate and not readily fossilized. 

The mosses also evolved from algae but did not emerge upon the 
land until much later than vascular plants, probably in the Carbon- 
iferous. The sporophyte in this group, however, became parasiti- 
cally dependent upon the gametophyte and correspondingly reduced 
to a single fertile telome (Fig. 2). The gametophyte, again pre- 
sumably because of demands for water for fertilization, remained 
relatively small and more or less thallophytic in structure. The 
transformation of isomorphic to heteromorphic alternation of gen- 
erations is assumed to have occurred at the time of the transition 
to the land. 


DERIVATION OF HIGHER LAND PLANTS. The higher land plants 
evolved from the telome trusses of the primitive forms along three 
parallel lines, as indicated in the following table: 


Lycopsida Sphenopsida Pteropsida 


Examples Selaginella Equisetum Phanerogams 
Lycopodium Ferns 
Lepidophyta 
Transitional Protolepido- Hyeniales _—Protopteridales 
Groups dendrales 1 
/ 
Primitive Land Plants 


Among the Protolepidodendrales Zimmermann lists Protolepido- 
dendron, Barrandeina, Duisbergia, Baragwanathia, Drepanophycus 
and doubtfully Asteroxylon (or Thursophyton). Included in the 
Protopteridales are Protopteridium, Rhacophyton, Condrusorum, 
Aneuropteris, Cephalopteris, Cladoxylon and Pseudosporochnus. 

According to Zimmermann, the shoot axis and leaves of the 
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higher Tracheophytes developed from the earliest vascular plants 
by the operations of a few important kinds of morphological special- 
izations termed “elementary processes” because they may have 
proceeded independently of one another. Frequently only one or 
another elementary process became manifest, especially in the tran- 
sition groups. The following, according to Zimmermann, are the 
chief kinds of elementary processes: 

a). Overtopping. In this process two sister branches of a fork 
(mesomes or telomes), equal in most primitive forms, become un- 
equal. The stronger branch became vertical and formed the axis, 
while the weaker branch was pushed aside and became overtopped. 
Thus the shoot and its appendages, the leaves, became differentiated 
through equal dichotomy to a sympodial and finally to a monopodial 
system (Fig. 3A). Overtopping is also involved in the evolution 
of the leaf. In a pinnately veined leaf, for example, the overtopping 
mesomes formed the midvein, and the overtopped mesomes consti- 
tuted the lateral veins. As a natural consequence of the formation 
of the shoot by overtopping, leaves and pinnae were primitively 
alternate instead of opposite in position. 

b). Planation. Branching in more than one plane is replaced by 
fan-shaped dichotomy, bringing all telomes and mesomes into one 
plane (Fig. 3B). This applies especially to the evolution of the 
leaf. 

c). Webbing or Fusion (Fig. 3C). This may involve only the 
formation of parenchymatous tissues between telomes and mesomes 
(webbing) or webbing accompanied by the fusion of vascular tis- 
sues. This concept is believed to afford an explanation of the ori- 
gin of both the leaf and the stele of the stem. In the simplest cases 
the phylloids became united by the development of parenchymatous 
tissues betwen them, thus forming a foliar appendage with open 
dichotomous venation. Webbing accompanied by overtopping, as 
described above, led to a leaf with pinnate venation. If fusion of 
vascular bundles also occurred, the leaf venation became reticulate. 
Similarly in the shoot axis a purely parenchymatous webbing led 
to the polystelic condition, as in Selaginella. Anastomoses of steles 
also occurred (Fig. 3F), producing the various types of steles 
found in vascular plants. 

d). Reduction of a telome system may lead to the formation of 
a single needle-like leaf (Fig: 3D). 

This last principle involves the origin of the microphyllous leaf 
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of the Lycopsida. It is widely accepted that primitively large 
leaves (pteropsid) represent major branch systems that have be- 
come flattened and appendicular; extreme reduction of such a 
major branch system may of course also lead to a needle-like leaf. 
Similarly there is little disagreement that the sphenopsid leaf is 
derived from a branch system, with the difference that the number 
of telomes entering into the composition of such a leaf is smaller 
than in the case of the macrophyllous leaf. With respect to the 
origin of lycopsid (Lycopodium, etc.) leaves, however, there has 
been much disagreement (Browne, 1935). Zimmermann (1938) 
contends that in the “ Lycospross”’ small dichotomous lateral branch 
systems were reduced to a uni-nerved leaf following webbing and 
reduction. The lycopod leaf is considered by others to represent an 
enation, that is, a leaf arising de novo from a naked axis, and 
secondarily developing a single vein. Eames (1936), for example, 
suggests that the resemblances between the leaves and sporangium 
position of Asteroxylon, Drepanophycus and Baragwanathia, on 
the one hand, and of Lycopodium, on the other, together with stelar 
structure, support the enation hypothesis. The view that lycopod 
leaves are enations, instead of being telomic in origin, is also 
accepted by Takhtajan (1953). 

Fertile telomes have become arranged in various ways by ele- 
mentary processes similar to those which operated to produce the 
vegetative structures. Among these transformations are aggrega- 
tion, fusion, overtopping, reduction, recurvation (Fig. 3E) and 
incurvation. The sporophyll, according to the telome theory, is 
composed of one or more telomes or both telomes and mesomes. 

The axillary position of the sporangia in the Lycopsida is derived 
by Zimmermann as shown in Fig. 4A-D. An aggregation of fer- 
tile and sterile telomes followed by reduction of supporting mesomes 
and reduction of sporangium number leads to the condition in 
which but one phylloid and one sporangium remain. Further re- 
duction would lead to fusion of the sporangium with the shoot axis, 
thus becoming cauline in position, as is considered by Zimmermann 
to be true of some living species of Lycopodium. The sporophyll 
of the Sphenopsida is believed to have arisen by a downward bend- 
ing of the sporangium toward a common axis (recurvation, leading 
to anatropy, Fig. 4E-H), followed by fusion and expansion of 
telomes and mesomes into a peltate structure. The sporophylls of 
the Pteropsida (ferns and seed plants) are visualized as formed by 
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Fic. 3 A. Evolution of monopodial branching. Fic. 3B. Planation. Fic. 
3C. Webbing. Fic.3D. Evolution of needle-like leaf. Fic.3E. Re- 
curvation. Fic.3F. Anastomoses of steles. (After Zimmermann). 

Fic. 4 A-D. Evolution of sporangial position in Lycopsida. Fic. 4 E-H. 
Evolution of sporophyll of Sphenopsida. Fic.4I-L. Overtopping in the 
Pteropsida, leading to a pinnate sporophyll. Fic.4M-Q. Incurvation, lead- 
ing to the closed carpel in Angiosperms. (After Zimmermann). 
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overtopping, fusion, and reduction, which lead finally to sporangia 
or sori along the margins of a pinnate sporophyll. Incurvation 
(Fig. 4 M-Q), or unequal growth on the two opposite flanks of 
an organ, often leads to shifting of the sporangia to the lower sur- 
faces of the sporophylls. Further incurvation leads to the simple 
carpel, and fusions of carpels give rise to the various types of 
ovaries (Zimmermann, 1930, Fig. 231). Zimmermann holds that 
the flower started with radial sporangial clusters, the sporophyll 
arising, following planation, from aggregations of mesomes. This 
is assumed to have occurred previous to any aggregation of sporo- 
phylls into a strobilus. 


SOME APPLICATIONS OF THE TELOME THEORY 


A theory is useful if it allows known facts to be explained. On 
this basis a few selected fields will be explored to see whether mor- 
phological facts have been clarified or may be interpreted usefully 
in the light of the telome theory. 


FERNS AND SEED FERNS. The telome theory offers one explana- 
tion for the nature of the aerial portion of the plant body of the 
Ophioglossaceae. This is commonly interpreted in terms of the 
more highly specialized leaves of the leptosporangiate ferns as com- 
posed of a single frond; it has apparently an anterior sterile and a 
posterior fertile segment. The fertile segment is held by some 
authors (Eames, 1936; St. John, 1952) to be composed of two 
fertile basal pinnae which have fused and become erect. Zimmer- 
mann (1930, 1942) believes, however, that the fertile branch of 
Botrychium represents one of the two limbs of an ancient dichot- 
omy, the sterile segment being the other. This viewpoint is also 
accepted by Bower (1935) who regards Ophioglossum, with its 
reticulate venation, as a derived type. Zimmermann’s interpreta- 
tion of the nature of the Botrychium shoot is supported by Chrysler 
(1945) who finds that the vascular system of the aerial portion of 
Botrychium may be interpreted as composed of a series of modified 
dichotomies (sympodium). The first of these dichotomies exter- 
nally visible is of course found at the level where the fertile and 
sterile branches separate. He concludes that the shoot system is 
composed of an aggregation of telomes and mesomes that have 
arisen by repeated dichotomies, and that the Ophioglossaceae may 
well have arisen more or less directly from the Psilophytales. 
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The anatomy of some species of the Medullosaceae supports cer- 
tain aspects of the telome theory. Stewart and Delevoryas (1952) 
have shown that the vascular system of the stem in Medullosa 
heterostelica consists of a dichotomizing system of branches. Some 
of these fuse in the central axis, while others continue to dichoto- 
mize in the leaf bases. It is suggested that the nature of the pri- 
mary vascular system indicates that this plant had a relatively low 
degree of organ differentiation and that it constituted a primi- 
tive branching axis exhibiting an early stage of foliar and cauline 
differentiation. 

The telome theory is also involved in the interpretation of the 
nature of the plant body in the coenopterid ferns. The complex 
branch systems arising from the stems of the plants of this group 
have been referred to as “fronds”. Delevoryas and Morgan 
(1953), however, have discovered true expanded foliar structures 
in Botryopteris. It is postulated that these foliar organs have 
arisen from branch systems by a process of planation in the ulti- 
mate segments followed by webbing, while the lower axes retain the 
primitive character of three-dimensional branching. 

It is probable that a considerable measure of agreement could be 
obtained for the thesis that ferns and pteridosperms developed from 
similar Psilophyton-like ancestors with terminal fertile telomes. In 
the course of evolution the fern sporangia shifted in position from 
terminal on rachis branches to marginal and finally superficial on 
the laminae of well-developed pinnules (Halle, 1935). Fern pin- 
nules, in turn, were originally formed by the fusion of sterile telomes 
in a single plane. The reproductive structures of the pteridosperms 
were likewise phylogenetically terminal; later the microsporangia 
became aggregated into synangia and the seeds were borne on 
modified or unmodified portions of the frond. Baxter (1949) sug- 
gests that the development of seeds in the pteridosperms, at least in 
some cases, may have preceded the evolution of fern-like leaves, 
that is, the pteridosperms may be early seed plants which later de- 
veloped leaves through evolutionary processes similar to those 
which operated in the true ferns. While the male reproductive 
organs of the pteridosperms have been considered the result of 
aggregation of fertile telomes, Schopf (1950) has presented evi- 
dence that in the medullosan Dolerotheca the male fructification is 
an elaborate campanulate “ septangium”, composed of radially 


ie 
‘tes 


428 THE BOTANICAL REVIEW 


arranged and paired rows of sporangia. It is suggested that this 
structure is not a synangium but is comparable to a single fertile 
telome divided by numerous septa. This septation hypothesis is 
further extended to include all pteridosperms, thus providing a 
basic evolutionary difference between the seed ferns and other 
groups. 


CONIFERS AND GINKGO. The most extensive and fruitful appli- 
cation of the telome concept is found in the studies of Dr. Rudolph 
Florin on the evolution of the vegetative and reproductive struc- 
tures of the cordaites and early conifers. His chief publications in 
this field (Florin, 1938-45) have been summarized in part (Florin, 
1951). 

The male reproductive organs of the Cordaitales consisted of 
elongated clusters of strobili, each strobilus composed of spirally 
disposed sterile scales and fertile scales, or microsporophylls. The 
later were intermixed with the sterile scales or confined to the apex 
of the axis of the dwarf shoot. The vascular bundle of the micro- 
sporophyll was dichotomized at the apex, and the sporophyll 
terminated in a cluster of four to six upright sporangia. These 
microsporophylls were primitive organs, developed from a small 
dichotomous branch system terminated by telomes bearing erect, 
elongate and cylindrical sporangia. Their dichotomy was cruciate, 
indicating a primitive radial symmetry. The “ sporophylls ’’, there- 
fore, are not metamorphosed leaves, but evolved, like the female 
sporophylls, parallel with foliage leaves. They retained the primi- 
tive features characteristic of early land plants, cruciate dichotomy 
and terminal sporangia. The male reproductive organs of the early 
conifers, on the other hand, resembled those of modern conifers, 
such as the Pinaceae. The dorsiventral microsporophylls bore two 
sporangia on the lower surface and were arranged in a close spiral 
on the axis of a strobilus, sterile scales being absent. The tran- 
sition from the cordaitean to the early conifer condition cannot be 
traced in the fossil record, but Wilde (1944) has described a reduc- 
tion series in the living podocarps which parallels the evolutionary 
changes leading to the simple male coniferous cone. She concludes 
that the male cone of the modern conifers is homologous with the 
entire seed-scale complex of the female cone. In the Taxaceae, 
viewed by Florin as distinct from the true conifers, the peltate 
microsporophyll of Taxus is considered primitive for the group and 
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derived from a simple dichotomized branch system with terminal 
erect sporangia. 

The female reproductive structures of the Cordaitales were borne 
in lax clusters of strobili. These strobili were arranged in two 
vertical rows in the axils of alternating or subopposite bracts. They 
were short shoots, composed of a radially symmetrical axis carrying 
spirally arranged appendages, some of which were fertile and bore 
terminal ovules. These short shoots were the forerunners of the 
seed-scale complex of the modern Taxodiaceae and Pinaceae. The 
most primitive ovule-bearing organs were in Cordianthus pseudo- 
fluitans of the Upper Paleozoic. Each organ was a cruciately 
dichotomized terminal telome system carrying two or more pendent 
ovules at the apex (Fig. 5). Each ovule, in turn, was derived from 
three telomes, a central fertile one (megasporangium) and two 
lateral phylloids, which became modified into an integument, free 
from the sporangium except at the base. Other, younger, species 
of Cordianthus exhibited reduction from the above condition in that 
the telome system, composed of mesomes and telomes (termed by 
Florin a “ megasporophyll”) was much shortened, unbranched, 
and bore but one ovule at the apex. Certain of the sporophylls had 
also become sterilized. Florin holds that these cordaitean dwarf 
shoots were differentiated from the telome systems of primitive 
vascular plants by the processes of overtopping, aggregation and 
fusion. 

The Upper Carboniferous and Lower Permian conifers also 
possessed various modifications of a radially symmetrical fertile 
dwarf shoot in the axil of a bract. These shoots were aggregated 
into groups more cone-like than those of the Cordaites and were 
arranged spirally, not in two rows. In Lebachia the seed-scale 
complex in the axil of a bract was composed of a short axis with 
spirally disposed scales, all but one of these sterile (Fig. 6). In 
Ernestiodendron (Fig. 7) the axis carried two to 30 scales, includ- 
ing four to six “ megasporophylls ” with terminal inverted ovules. 
The entire cluster was somewhat flattened. 

The female cones of the Upper Permian and Mesozoic conifers, 
however, approach more closely to those of living forms. In 
Pseudovoltzia, for example (Fig. 8), the axis of the short shoot 
had become rudimentary and bore five distal sterile scales and two 
or three basal stalk-like megasporophylls, the whole, with the sub- 
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tending bract, corresponding to the bract and ovuliferous scale of a 
modern pine cone. The fertile portion of the dwarf shoot had thus 
become basal, and the entire seed-scale complex had developed 
dorsiventral symmetry. In other forms the sterile scales were 
fused, and with them were incorporated the stalk-like megasporo- 
phylls. The seed-scale complex of modern conifers is thus a modi- 
fication of a radially symmetrical dwarf shoot and its accompanying 
bract, the sector facing the bract having become totally suppressed. 
The term “ sporophyll” obviously cannot be applied to this seed- 
scale complex. 

The female reproductive organs of the Taxaceae are not arranged 
in cones. The shoot axis in Taxus terminates in a single erect 
ovule, the aril being a secondary outgrowth from the axis. The 
ovule represents a single fertile telome which had attained its termi- 
nal position after a process of overtopping. The reproductive 
structures af this family are therefore not derived from the Paleo- 
zoic Cordaitales or conifers. 

One of the most clearly defined phylogenetic relationships involv- 
ing the telome concept was worked out by Florin (1949) between 
the Lower Permian Trichopitys heteromorpha and the living 
Ginkgo biloba. The female reproductive structures of Trichopitys 
were produced on a long shoot which was seated in the axil of a 
stout leaf (Fig. 9A). This subtending leaf, about 12 cm. long, 
branched by repeated dichotomies into four to eight narrow seg- 
ments, and is regarded by Florin as a scarcely flattened branch 
system—the forerunner of the broad photosynthetic leaf of the 
living ginkgo. The long shoot bore finely dichotomously dissected 
leaves, each subtending an ovule-bearing complex (megasporangial 
truss). This axillary short shoot (Fig. 9B) was composed of an 
axis bearing three to 20 fertile branches, each terminated by a 
single inverted ovule, and with an ovule terminal on the axis itself. 


Fic. 5. Cordianthus pseudofluitans, radially symmetrical short shoot bear- 
ing megasporophylls. (After Florin). 
one: 6. Seed-scale complex of Lebachia, view from outside. (After 

orin). 

Fic. 7. Seed-scale complex of Ernestiodendron. (After Florin). 

Fic. 8. Seed-scale complex of Pseudovoltzia. (After Florin). 

Fic.9 A. Trichopitys heteromorpha, portion of long shoot with ovule- 
bearing short shoots in the axils of dichotomized leaves. Fic.9B. Ovule- 
bearing short shoot, enlarged. (After Florin). 

Fic. 10. Ginkgo biloba, ovule-bearing shoot with seven ovlues. (After 
Florin, from Sprecher). 
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Such a megasporangial complex is believed to have arisen by over- 
topping, fusion and reduction from a radial, uniform and regularly 
dichotomizing branch system with terminal sporangia. Each ovuie- 
bearing branch, in turn, is considered to be a small telome system 
with one central fertile telome and several sterile ones which form 
the integument. According to Florin, “the leaf and the fertile 
complex developed in its axil are obviously homologous structures, 
each representing a branch system which has been specialized for a 
different function. Originally each system probably constituted 
part of a larger and more complicated lateral telome system, which 
became differentiated into a dorsal vegetative and a ventral repro- 
ductive part. By reduction of the basal mesomes and their incorpo- 
ration in the axis of the long shoot, the axillary position of the 
fertile complex was gradually acquired ”. 

Florin believes Trichopitys to be of the greatest importance in 
the interpretation of the female reproductive structures of Ginkgo 
biloba. These have been interpreted variously ; most commonly, 
perhaps, as a strobilus composed of a stalk and two megasporo- 
phylls, the collars, each bearing an ovule. But ovule-bearing 
peduncles of Ginkgo have been found bearing up to 15 (most com- 
monly a maximum of ten) stalked ovules (Fig. 10). These are 
believed by Florin to be of the same nature as the female complexes 
of Trichopitys, the type with only one or two sessile ovules being 
reduced. The collar is considered to be a secondary feature, formed 
by the arrest in growth of the tip of the ovular stalk; it is modern 
in origin and has no phyletic significance. The view that the mod- 
ern Ginkgo biloba has no megasporophylls was also held by Zim- 
mermann (1930). The ovule-bearing complex of Ginkgo is, in- 
stead, an axillary short shoot, bearing fertile telomes, each invested 
with an integument developed from sterile telomes. The axis or 
peduncle upon which the ovules are borne was originally dichoto- 
mized into uni-ovulate sporangiophores. 

ANGIOSPERMS. The telome theory, largely founded upon paleo- 
botanical evidence, has been accepted as a working hypothesis by 
many morphologists and paleobotanists concerned with vascular 
plants other than the angiosperms. Application of the concept to 
this latter group has encountered objections, and morphologists— 
students of floral anatomy in particular— are divided in their point 
of view, some regarding it with favor, while others are doubtful or 
opposed. As far as vegetative organs are concerned, attempts have 
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been made (Lam, 1948; Van der Hammen, 1947-48) to find traces 
of ancient dichotomies in the venation of angiosperm leaves, and a 
number of plants are listed which exhibit this type of venation. 
That these dichotomies are actually ancestral retentions is uncer- 
tain. Referring to the above papers, Foster (1950) has expressed 
the view: “ But the ‘ typical’ venation of the leaves of angiosperms 
is ‘closed’ and it seems highly doubtful to the writer that the 
‘forked’ veins which frequently occur in pinnately and palmately 
veined leaves, should be interpreted as ‘traces of ancient dichoto- 
mies’”. The telome concept is also involved in a bizarre classifi- 
cation by Lam (1948, 1947-48) of the ‘ Cormophyta” into two 
large groups, the Stachyosporae, in which the sporangia are essen- 
tially terminal on fertile telomes, and the Phyllosporae, in which 
the sporangia are borne on many-telomed fronds. The angio- 
sperms are also divided into stachyosporous and phyllosporous 
families. Lam’s papers have been discussed by Eames (1950) and 
so thoroughly refuted that no further consideration need be given 
them here. 

The telome concept as applied by students of floral anatomy to 
the stamen (Wilson, 1937, 1942, 1950; Reece, 1939) and the carpel 
(Hunt, 1937) has recently been reviewed by Puri (1951). An 
extensive discussion of the nature of the stamen and carpel is also 
given by Lawrence (1951). Concepts of the fundamental nature 
of the stamen and carpel have had a long and involved history. As 
Arber (1937, 1950) points out, Goethe and De Candolle recognized 
that carpel and stamen are equivalent to foliage leaves in an ab- 
stract sense—they did not derive floral structures from foliage 
leaves. Following Darwin’s Origin of Species, and even earlier, 
Goethe’s concepts were forced into an evolutionary frame, and the 
idea became general that floral organs are derived phylogenetically 
from leaves. This is reflected in recent textbooks in such state- 
ments as the carpel is an ovule-bearing floral leaf, the pistil is a 
specialized leaf, and that each of the parts of a flower is of foliar 
origin. Surely there is no evidence that stamens and carpels are 
derived from leaves, although Puri (1947) states that he “ con- 
siders the filament and connective equivalent to petiole and leaf 
blade, respectively ”. 

A strict return to the “classical” theory—the concepts of Goethe 
and De Candolle—requires that we view the stamen and carpel as 
phyllomes—foliar organs in the abstract sense, with no phylo- 
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genetic meaning. In modern terminology the stamen and carpel 
may be interpreted as specialized leaf-like appendages which evolved 
with the leaf along parallel lines, but which were never primarily 
photosynthetic organs. The opponents of the telome concept, if 
this reviewer interprets their position correctly, would insist that 
all consideration of the nature of the carpel and stamen stop at this 
point. For example, Canright (1952) states that he regards the 
broad expanded types of microsporophylls found in certain Ra- 
nalian families as relatively unmodified fertile phyllomes—that is, 
presumably, fertile leaves or leaf-like organs. Those favorably dis- 
posed toward the telome theory, on the other hand, while accepting 
it as a fact that stamens and carpels resemble leaves in their an- 
atomy and in other ways, would go further and apply the concept 
to the origin of these specialized leaf-like structures and possibly 
also to the origin of the foliar organs of angiosperms. 

According to the telome concept, the proangiosperm might be 
visualized as having a plant body built up of mesomes and differ- 
entiated into a vegetative and a reproductive region. The vegeta- 
tive portion terminated in branch systems composed of phylloids; 
these systems originally branched dichotomously in three planes, 
but later, after such processes as overtopping, webbing and plana- 
tion, they became converted into expanded foliar appendages. The 
spore-producing members were also originally dichotomously 
branched systems composed of mesomes and fertile telomes which 
early became aggregated into some kind of primitive “ flower”. 
The carpel may have arisen from telome trusses composed of fertile 
telomes and their subjacent mesomes. These became converted 
into a leaf-like structure following planation, webbing and mono- 
podial growth. This structure is leaf-like because it evolved paral- 
lel with the foliar organ itself and may long have retained the 
photosynthetic capacity of the units of the plant body from which 
it arose. Other, perhaps smaller, aggregations of telomes may have 
given rise to the stamen. This structure probably evolved in vari- 
ous directions; in many, perhaps most forms, following steriliza- 
tion, reduction and fusions a dichotomous branch system became 
reduced to a single stalk with four terminal sporangia. Later these 
sporangia became marginal in position. In other forms the termi- 
nal telomes may have undergone the same processes as in the 
carpel, and a broad expanded microsporophyll resulted, as in the 
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Magnoliaceae (Canright, 1952). Carpels and stamens may there- 
fore be regarded as the highly modified descendants of ancient 
telome branch systems—they are probably not sporophylls, al- 
though this term may be retained for purposes of convenience. 
This point of view is, of course, open to discussion, to criticism and 
to modification. The telome theory may even eventually be dis- 
carded, in whole or in part, but it will have served a useful purpose, 
as it already has done, in suggesting new avenues of approach and 
in stimulating further investigations on the origin of the vegetative 
and reproductive structures of the vascular plants of the land. 


LITERATURE CITED 


1. ArBeR, AGNES. 1930. Root and shoot in the angiosperms: A study of 
some morphological categories. New Phyt. 29: 297-315. 

z 1937. The interpretation of the flower: a study of some 
aspects of morphological thought. Biol. Rev. 12: 157-183. 

3. —————. 1950. The natural philosophy of plant form. 247 p. 

4. Baxter, R. W. 1949. Some pteridosperm stems and fructifications 
with particular reference to the Medullosae. Ann. Mo. Bot. Gard. 

36: 287-352. 

BERTRAND, P. 1947. Les végétaux vasculaires. 184 p. 

Bower, F. O. 1884. On the comparative morphology of the leaf in 
the vascular cryptogams and gymnosperms. Phil. Trans. Roy. Soc. 
[London] 175: (2) : 565-613. 

7. —————. 1916. On leaf-architecture as illuminated by a study of 

the Pteridophyta. Trans. Roy. Soc. Edinb. 51: Part 3. 657-708. 
1935. Primitive land plants. 658 p. 

BRowNeE, IsaseL M. P. 1935. Some views on the morphology and 
phylogeny of the leafy vascular sporophyte. Bot. Rev. 1: 383-404, 
2 


nu 


99 


10. Canricut, J. E. 1952. Comparative morphology and relationships of 
the Magnoliaceae. 1. Trends of specialization in the stamens. Am. 
Jour. Bot. 39: 484-497. 

11. CHuryster, M. A. 1945. The shoot of Botrychium interpreted as a 
series of dichotomies. Bull. Torrey Bot. Club 72: 491-505. 

12. DeLtevoryas, T. and MorGANn, JEANNE. 1953. Observations on petiolar 
branching and foliage of an American Botryopteris. Am. Mid. Nat. 


(in press). 

13. Eames, A. J. 1936. Morphology of vascular plants. Lower groups. 
433 p. 

14, ——__—_—. 1950. Again: ‘The New Morphology’. New Phyt. 50: 


17-35. 

15. Frortn, R. 1938-1945. Die Koniferen des Oberkarbons und des un- 
teren Perms. Paleontographia 85B: Heft 1-8. 

16. —————. 1949. The morphology of Trichopitys heteromorpha 
Saporta, a seed-plant of Paleozoic age, and the evolution of the 
female a in the Ginkgoinae. Acta Horti Bergiani 15: 79-108. 

17, —————--. 1951. Evolution in Cordaites and conifers. Acta Horti 
15: 285-388. 

18. Foster, A. S. 1950. Morphology and venation of the leaf in Quiina 
acutangula Duke. Am. Jour. Bot. 87: 159-171. 


q 
{ 
) 
Bee ob 


436 


19. 


THE BOTANICAL REVIEW 


Hatie, T. G. The position and arrangement of the spore-producing 
members of the Paleozoic pteridosperms. Deuxiéme Congrés pour 
l’Avancement des Etudes de Stratigraphie Carbonifére, Heerlen, 
Compte Rendu 1: 227-235. 


20. Hunt, K. W. 1937. A study of the style and stigma, — reference 


282-289. 
. LAWRENCE, G. H.M. 1951. Taxonomy of vascular plants. 823 p. 
. LIGNIER, O. 1903. Equisétales et Sphénophyllales. Leur le ee fili- 


ology. Chap. 2. 


to the nature of the carpel. Am. Jour. Bot. 24: 288-29 


. Lam, H. J. 1948. Classification and the new morphology. Acta 


Biotheoretica 8: 107-154. 
A new system of the Cormophyta. Blumea 6: 


cinéene commune. Bull. Soc. Linn. Norm. V. 7-8: 
———._ 1908a. Sur lorigine des Sphénophylées. Bull Soc. Bot. 
France 35: 278-288. 
19085. Essai sur l’évolution morphologique du régne 
végetal. Assoc. Franc. l’Avance. Sci. Compt. Rend. 37 session, 
Clermont-Ferrand. 530-542 


. Poronré, H. 1912. Grundlinien der Pflanzen-Morphologie im Lichte 


der Paleontologie. 259 p 


. Purr, V. 1947. Studies in floral anatomy. IV. Vascular anatomy of 


the flower of certain species of the Passifloraceae. Am. Jour. Bot. 
34: 562-573 


. Reece, P. C. 1939. The floral anatomy of the avocado. Am. Jour. 


Bot. 26: 429-433. 

St. Joun, E. P. 1952. The evolution of the Ophioglossaceae of the 
eastern United States. III. The evolution of the leaf. Quart. Jour. 
Florida Acad. Sci. 15: 1-19. 


. ScHorpr, J. F. 1948. Pteridosperm male fructifications: American 


species of Dolerotheca, with notes regarding certain allied forms. 
Jour. Paleont. 22: 681-724 


. Stessins, G. L. 1950. Variation and evolution in plants. 643 p. 
. STEWART, W. and Detevoryas, T. 1952. Bases for determining rela- 


tionships among the Medullosaceae. Am. Jour. Bot. 39: 505-516. 


. TAKHTAJAN, A. L. 1953. oy principles of the system of 


higher plants. Bot. Rev. 19: 1-4 


. Torrey, R. E. 1932. General botany for colleges. 449 p 


VAN DER HAMMEN, L. 1947-48. Traces of ancient | in 
angiosperms. Blumea 6: 290-301. 


. Wacner, W. H. 1952. PY ie of foliar dichotomy in living ferns. Am. 


Jour. Bot. 39: 578- 
Wipe, Mary H. 1944. A new interpretation of coniferous cones. I. 
Podocarpaceae (Podocarpus). Ann. Bot. n.s. 8: 


. Wirson, C. L. 1937. The phylogeny of the stamen. Am. Jour. Bot. 
24: 686-699. 


— ———.. 1942. The telome theory and the origin of the stamen. 
Am. Jour. Bot. 29: 759-764. 

————. 1950. Vasculation of the stamen in the Melastomaceae, 
with some phyletic implications. Am. Jour. Bot. 37: 431-444. 


. ZIMMERMANN, W. 1930. Die Phylogenie der Pflanzen. 452 p 


1938. aes In Verdoorn, Fr. Manual of Pterid- 


1942. Die Phylogenie des Ophioglossaceen-Blattes. Ber. 
Deut. Bot. Ges. 60(9) : 416-433. 
1945a. Palaobotanik. In Bertalanffy, Ludwig von. Hand- 
buch der Biologie. Lieferung 21. Band 4(8). 
1945 Hauptergibnisse der ‘“Telomtheorie”. p. 
[Privately printed, Tiibingen]. 


21 
23 
24 
24. 
25: 
26 
: 28 
29. 
30 
31 
3 
34 
35. 
38 
39. 
40. 
41 
43. 
44. 
45. 


49. 
50. 


THE TELOME THEORY 437 


. 1948. Phylogenie der Pflanzen. Naturforschung und 
medizin in Deutschland 1939-46. Fir Deutschland Bestimmmte 
Ausgabe der Fiat Review of German Science 54: Biologie Teil III. 
Spezielle Botanik 193-225. 

1948. Stammesgeschichtliche Entwicklung unserer Heil- 
pflanzen. Sonderdruck aus der Siidd. Apotheker-Zeitung Nr. 14. 


1949. Geschichte der Pflanzen. 111 p. 
1950. Uber Urpflanzen und Urlandpflanzen. Naturwiss. 


Rundschau, Heft 6. 259-265. 


. Main results of the telome theory. The Paleo- 
botanist 1 (Birbal Sahni Memorial Volume) : 456-470. 


— 
47. 
7 


| 
| 


Future Contents of 


THE BOTANICAL REVIEW 


Articles Received and Awaiting Publication 


Wood Fiber Length as Related to Position in 
Tree and Gro 


Compression Wood in Conifers as a Morpho- 
genetic Phenomenon 


Seed Germination Problems in the 


Suggestions for the Classification and No- 
menclature of Fossil Spores and Pollen 


The Cytogenetics of Triticale ........................ 


The Structure and Behavior of Fungous 


Disease Resistance in the Vegetable Crops .... 


SterHeN H. Spurr 
University of Minnesota 


RicHarp Rosrnson 
University of California 


Divya DarsHAN Pant 
University of Allahabad 


JosePpH G. O’Mara 
Iowa Agr. Exp. Sta. 


Lrnpsay S. OLIVE 
Columbia University 


J.C. WALKER 
University of Wisconsin 


Heart Rots in Living Trees ............................ W. W. Wacener and R. W. Davipson 


The Cryptogamic Flora of the Arctic: 


On Modified Hyphae of Hymenomyeetes ...... 


Cytogenetics of the Vegetable Crops. 


The Morphology of Leaves .....................0:0000 


In Vitro Culture of Plant Embryos and Fac- 
tors Controlling Their Growth .................. 


U.S. Dept. of Agriculture 


RANDOLPH TAYLOR 


University of Michigan 


R. Ross 
British Museum, London 
C. D. 
McGill University 


CAMPBELL STEERE 


Stanford University 
SINGER 


Farlow Herbarium, Cambridge 


Emir Dax. 
Yale University 


Paut L, LEnNTz 


U.S. Bureau of Plant Industry 


S. H. 


U. S. Department of Agriculture 


Vera L. RYDER 
Oregon State College 


JAQUES RAPPAPORT | 
University of Virginia 


Br 
. 
Al 
i 
| Algae: Planktonic groups ...................... Bois. 
i 
a 
— 


‘ 


